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ABSTRACT 

This  r e p o r t  p r e s e n t s  t i le r e s u l t s  of a f e a s i b i l i t y  and c o n c e p t u a l  d e s i g n  
s t u d y  f o r  o n - l i n e  t r a n s i e n t  waveform c o n t r o l  of t y p i c a l l y  a v a i l a b l e  e l e c t r o -  
magnet ic  and h y d r a u l i c  v i b r a t o r s .  T h e  c o n t r o l  concept. is  implemented w i t h  
modern d i g i t a l  computing a l A c ,  r i thms and t h e  r e c i p r o c a l  p r o p e r t i e s  o f  . t h e  d i s -  
c r e t e  F o u r i e r  t r a n s f o r m  us  i np a t ime- inva r i an t  l i n e a r  sys tem approach .  Compen- 
s a t i o n  f o r  f requency  deper,Jcil t  d i s t o r t i o n ,  due t o  t h e  e l e c t r i c a l -  and mechanica l  
components of t h e  v i b r a t i o n  t e s t  sys t em,  produces t h e  J e s i r e d  a r b i t r a r y  complex 
t r a n s i e n t - t i m e  h i s t o r y  a t  [lie tes t  a r t i c l e .  Impulse t rLl in iques  were used t o  
d e f i n e  t h e  t es t  system t r a n s f e r  f u n c t i o n .  The s t u d y  t2lenients i n c l u d e :  

1) Fol i r ie r  i n ~ e g i - a 1  t r a n s f o r n  e r r o r  s t u d y ;  

2 )  Empi r i ca l  r e s u l t s  from a p r o t o t :  p e  c o n t r o l  systcm; 

3) Cont ro l  sys tem e r r o r  a n a l y s i s  a n d  t es t  equipment I i m i t a t i o n s ;  

4 )  Conceptua l  d e s i g n  of a c o n t r o l  system; 

5) Cost estimate of  t h e  proposed system. 

S u c c e s s f u l  c o n t r o  1 o f  c .Lectromagnetic v i b r a t i o n  t e s t  system i n i t i a t e d  
i t s  immediate u s c  t o  s a t i s l y  s l~ock  t e s t  r equ i r emen t s ,  p e r  MII, 310-15 s p t ’ c i f i c a t i o n .  

i v  



CONTENTS 

PAGE 

INTRODUCTION 

PRELIMINARY DISCUSSION 

GENERAL OUTLINE OF APPROACH 

FEASIBILITY STUDY RESULTS 

F o u r i e r  I n t e g r a l  Transform E r r o r  Study 

Exper imenta l  I n v e s t i g a t i o n  w i t h  a T r a n s i e n t  Waveform 
P r o t o t y p e  C o n t r o l  System 

C o n t r o l  System E m p i r i c a l  E r r o r  Study 

Equipment L i m i t a t i o n s  

N o n l i n e a r i t i e s  

Conceptual  Design of C o n t r o l  System 

Cos t  E s t i m a t e  o f  Proposed System 

CONCLUSIONS AND RECOIMENOATIONS 

REFERENCES 

APPENDIX I - E r r o r  A n a l y s i s  of  a T r a n s i e n t  Waveform C o n t r o l  
Sy s t em 

APPENDIX I1 -- V i b r a t i o n  Test System D i s t o r t i o n  Measurements 

APPENDIX 111 - S t a t i s t i c a l  A n a l y s i s  of t h e  P r o t o t y p e  Cont ro l  
System Performance 

1 

4 

5 

12 

12 

47 

81 

112 

114 

1 2 9  

132  

133 

136 

1-1 

11-1 

111-1 



L I S T  OF ILLUSTRATIONS 

P a g e  

2 T r a n s i e n t  Waveform C o n t r o l  Applied t o  S p a c e c r a f t  F l i g h t  
T r a n s i e n t s  

1 

3 2 T r a n s i e n t  Uaveform C o n t r o l  Appl ied  t o  MIL 810-B Shock 
T e s t R e q u i r emen t s 

7 

20  

2 1  

22 

T r a n s i e n t  Waveform C o n t r o l ,  Logic  Diagram 

Terminal-Peak Sawtooth P u l s e  

T h e o r e t i c a l  Transf  orm-Terminal-Peak Sawtooth 

Conput ed  Zero-Frequency Components , vs A I D  Conver t e r  
Word S i z e  

23 7 F o u r i e r  Transform of t h e  Terminal-Peak Sawtooth 
Sampled a t  2 , 0 4 8  SamplesjSecond 

24 8 F o u r i e r  Transform of Terminal-Peak Sawtooth w i t h  a 
Sample Record Length of 0.125 Second 

25 9 
1 
/ 

10 

F o u r i e r  Transform o f  Terminal-Peak Sawtooth w i t h  a 
Sample Record Length of 0 .5  Second 

26 F o u r i e r  Transform of Terminal-Peak Sawtooth w i t h  a 
Sample Record Length of 1 . 0  Second 

27 

28 

29 

11 

12 

13 

Time  J j i s t o r y ;  Step-Decay Func t ion  

T h e o r e t i c a l  Transform; Step-Decay F u n c t i o n  

F o u r i e r  Transform of  an  8 - B i t  Nard S i z e  Modif ied 
Step-Decay P u l s e  

30 14 F o u r i e r  Transform of a 10-Bit  Word S i z e  Modif ied 
Step-Decay Pul-se 

31 15 F o u r i e r  Transform of a 12-Bit  Word S i z e  Nodif i e d  
Step-Decay P u l s e  

32 1 6  F o u r i e r  Transform of  a 14-Bit  Word S i z e  Modif ied 
Step-Decay Pul-se Sampled a t  1 6 , 3 8 4  SamplesISecond 

33 17 F o u r i e r  Transform of  Modif ied Step-Decay P u l s e  Sampled 
a t  2 , 0 4 8  Samples/Second 

34 18 F o u r i e r  Transform of  Modified Step-Decay P u l s e  Sampled 
a t  4 ,096  SampleslSecond 

vi 



LIST OF ILLUSTliliTIONS (CONT) 

F i g u r e  

i 

19 F o u r i e r  Transform of NodiEied Step-Decay P u l s e  w i t h  a 
Sample Record Length of  0.0078 Second 

20  Shaker  Impulse  Response 

2 1  T h e o r e t i c a l  Transform of  Shaker Impulse Response 

22 F o u r i e r  Transform of  a n  % - B i t  Word S i z e  Shaker Impulse 
Response 

23 F o u r i e r  Transform o f  a l o - B i t  Word S i z e  Shaker  Impulse 
Response 

24 F o u r i e r  Transform of a 1.2-Bir Word Size. Shaker  Impulse 
Response 

25 F o u r i e r  Transform of  a 14-Bit Word S i z e  Shaker Impulse 
Response 

26 F o u r i e r  Transform of  a n  8-Bit  Word S i z e  Shaker  Impulse  
R e s  po n s  e U tr i 1 i z i n g  the Unb i a s  Rou t i n  e 

27  F o u r i e r  Transform or  a l c I - - Y , i ~  ldord S i z e  Shaker  Impulse 
Response U t i l i z i n q  t i le Unbias Rou t ine  

28 F o u r i e r  Transform of  8 - B i t  IJord S i z e  Nodif i e d  Step-Decay 
P u l s e  U t i l i z i n g  t h e  Unbias R o u t i n e  

29 F o u r i e r  Transform of Shaker Impulse Response w i t h  Noise  
Added I W i t h  and Without Unbias Rou t ine  

30 F o u r i e r  Transforms of Shaker Impulse Response w i t h  Var ious  
Word S i z e ,  With Noise Added 

3 1  Dynamic Data A n a l y s i s  System Data  P r o c e s s i n g  

32 Dynamic Data A n a l y s i s  System 

3 3  Remote Computer T e s t  S t a t i o n  i n  V i b r a t i o n  Test L a b o r a t o r y  

34 C o n t r o l  System S i g n a l  D e f i n i t i o n  and Flow Diagram 

35 In t e r -Over l ay  O p e r a t i o n a l  Logic  v e r s u s  T e s t  S t a t i o n  Swi tch  
P o s i t  i o n  

36 T e s t  System C a l i b r a t i o n  P u l s e ,  f ( t ) i  

Page  

35 

36 

37 

3% 

39 

40 

4 1  

4 2  

4 3  

44 

46 

47 

49 

50 

51 

52 

5 3  

57 

vi i 



,LIST OF ILLUSTRATIONS (CONT) 

F i g u r e  Page 

37 c a l i b r a t i o n  P u l s e ,  F o u r i e r  Transform Modulus, F(w) i  

38  

39 T r a n s i e n t  C a l i b r a t i o n  Output ,  f (t)* 

C a l i b r a t i o n  Pu l se ;  F o u r i e r  Transform Phase  Spectrum,F(w)i 

40 T r a n s i e n t  C a l i b r a t i o n  Output ,  F o u r i e r  Transform Modulus, 
f ( 0 )  0 

4 1  T r a n s i e n t  C a l i b r a t i o n  Output ,  F o u r i e r  Transform P u l s e  
Spectrum, F(u), 

42 

4 3  I n v e r s e  T r a n s f e r  Func t ion  Phase  Spectrum, l/H(o)) = 

I n v e r s e  T r a n s f e r  Func t ion  Modulus, I/H(w) = F ( u ) ~ / F ( u ) ~  

F ( U ) . / F ( d o  I. 

44 

45 Requi red  T r a n s i e n t  Waveform, F o u r i e r  Transform Modulus, 

Requi red  Transient Waveform, f ( t ) R  

F ( d R  

46 Required T r a n s i e n t  Naveform, F o u r i e r  Transform Phase 
Spectrum, F (u,) 

Syn thes i zed  I n p u t  Vo l t age ,  f ( t > ,  

Syn thes i zed  TransienL \\raveform, f '  ( t ) R  

1 

4 7 

48  

49 Syn thes i zed  T r a n s i e n t  Waveform, F o u r i e r  Transform 
Modulus, F (a) 

50 Syp thes i zed  T r a n s i e n t  Waveform, F o u r i e r  Transform Phase  
Spectrum, F ' ( u ) ~  

Syn thes i zed  T r a n s i e n t  Waveform, f ( t ) ,  5 1  

52  Syn thes i zed  T r a n s i e n t  Waveform, F o u r i e r  Transform 
Modulus F '  ( o ) ~  

5 3  Syn thes i zed  T r a n s i e n t  Waveform, F o u r i e r  Transform Phase  
Spectrum, F '  (w), 

Requi red  T r a n s i e n t  Waveform, f ( t ) R  54 

55 Required T r a n s i e n t  Waveform, F o u r i e r  Transform 
Modulus, F (w) 

58 

59 

60 

6 1  

62 

63  

64 

65 

66 

67 

68 

69 

70 

71 

7 2  

7 3  

7 4  

7 5  

7 6  

v i i i  



LIST OF ILLUSTRATIONS (CONT) 

F igure  

56 Required T r a n s i e n t  Waveform, F o u r i e r  Transform Phase 
Spectrum, F ( u ) ~  

57 Syn thes i zed  I n p u t  Vo l t age ,  f ( t ) ,  

58 

59 Syn thes i zed  T r a n s i e n t  Waveform, F o u r i e r  Transform 

Syn thes i zed  T r a n s i e n t  Waveform, f ' ( t i R  

Modulus , F ' (hi) Ii 

60 Syn thes i zed  T r a n s i e n t  Waveform, F o u r i e r  Transform Phase  
Spectrum, F '  ((u), 

6 1  B a s e l i n e  Impulse Response Func t ion  Derived from S i n e  
Sweep 

62 V i b r a t i o n  C o n t r o l  System Background Noise 

63 F o u r i e r  Transform Modulus o f  V i b r a t i o n  C o n t r o l  System 
Noise 

T i m e  H i s t o r y  of T r a n s i e n t  C a l i b r a t i o n  Output  f ( t )  
9G P o s i t i v e  Peak 0 

64 

F o u r i e r  Pfodulus of T r a n s i e n t  Ca l . i b ra t ion  O u t p u t  f ( t )  
9G P o s i t i v e  Peak 0 

65 

-T ime  H i s t o r y  of T r a n s i e n t  C a l i b r a t i o n  Output  f ( t )  
20.8G P o s i t i v e  Peak 0 

66 

F o u r i e r  Modulus of T r a n s i e n t  C a l i b r a t i o n '  d u t p u t  f ( t )  
20 8 G  P0s i . t  i v e  Peak 0 

67 

T i m e  H i s t o r y  of T r a n s i e n t  C a l i b r a t i o n  Output  f ( t )  
32G P o s i t i v e  P e a k  0 

68 

F o u r i e r  Modulus of  T r a n s i e n t  C a l i b r a t i o n  Output  f ( t )  
32G Peak 0 

69 

70 U n f i l t e r e d  Square  Kave Time H i s t o r y  

71 F o u r i e r  Modulus of U n f i l t e r e d  Square  Wave w i t h  A l i a s i n g  

72 F i l t e r e d  Square  Wave T i m e  H i s t o r y  

73 F i l t e r e d  (6-Pole  Bu t t e rwor th  F i l t e r )  Sq'uare Wave Foi l r ie r  
Modulus 

Page 

77 

78 

79 

80 

81 

91 

92 

93 

94 

95 

96 

97 

98 

99 

100 

101 

1 0 2  

1 0 3  

i x  



LIST OF ILLUSTRATIONS (CONT) 

I 
F i g u r e  

7 4  

--.Jd------- 
Page 

1 0 4  T r a n s i e n t  C a l i b r a t i o n  Output  f ( t ) ,  Trunca ted  T = 350 
Data P o i n t s ,  3,746 Zero Data P o i n t s  

7 5  

7 6  

T r a n s i e n t  C a l i b r a t i o n  Output f ( t ) ,  Trunca ted  T = 350 
Data P o i n t s  

106 T r a n s i e n t  C a l i b r a t i o n  Output  f ( t ) ,  Trunca ted  T = 8 0 0  
Data P o i n t s ,  3 , 2 9 6  Zero Data Poinirs 

T r a n s i e n t  C a l i b r a t i o n  Output  f ( t )  Truncated T = 8 0 0  
Data Poin’is 0 

107 7 7  

10s 7 8  T r a n s i e n t  C a l i b r a t i o n  Output  f ( t ) ,  Trunca ted  T = 2 , 0 4 8  
Data P o i n t s ,  2 , 0 4 8  Zero Data P o i n t s  

109 7 9  T r a n s i e n t  C a l i b r a t i o n  Output  f ( t )  Truncated T = 2 , 0 4 8  
Data P o i n t s  0. 

110 8 0  T r a n s i e n t  C a l i b r a t i o n  Output  f ( t ) ,  Truncated T = 4,C96 
Data  P o i n t s ,  No Zero Data P o i n t s  

111 T r a n s i e n t  C a l i b r a t i o n  Output f ( t )  Truncated T = 4 , 0 9 6  
Data P o i n t s  0 

3 
s 2  112 

1 1 8  

E r r o r  Eodel  of C o n t r o l  System 

83  A c c e l e r a t i o n  E o n l i n e a r i t y  F u n c t i o n  o f  t h e  G.S,F.C.- 
L.P.S. H y d r a u l i c  V i b r a t o r  

1 1 9  84 F o u r i e r  Transform of t h e  Modif ied Step-Delay P u l s e ,  
Modified by t h e  G,S.F.C.-L.P.S. A c c e l e r a t i o n  N o n l i n e a r i t y  
Funct ion  

120 85 

86 

V e l o c i t y  N o n l i n e a r i t y  Funct ion  of t h e  G.S.F.C.-L.P.S. 
H y  d 1: au 1 i c V i b r a t o r  

121 F o u r i e r  Transform of t h e  hfodifi-ed Step-Delay P u l s e ,  
Modified by t h e  G.S.F.C.-L.P.S. V e l o c i t y  N o n l i n e a r i t y  
F u n c t i o n  

1 2 2  87 

88 

89 

Displacement  N o n l i n e a r i t y  Funct ion  of t h e  G.S.F.C.-L.P.S. 
H y d r au 1 i c  V i  b r a t o r  

F o u r i e r  Transform of t h e  Modified Step-Delay P u l s e ,  Modified 
by t h e  G.S.F.C.-L.Y.S. Displacement  N o n l i n e a r i t y  F w c t i o n  

1 2 3  

1 2 4  A c c e l e r a t i o n  N o n l i n e a r i t y  F u n c t i o n  of t h e  PIB210/MB5140 
System (G a S I: .C .) 

x 



. .  . ,  

LIST OF ILLUSTELATIONS (CONT) 

F i g u r e  

90 

9 1  

92 

93  

94 

95 

1-1 

7-2 

I I- 1. 

11-2 

11-3 

11-4 

11-5 

11-6 

111-1 

111-2 

111-3 

111-4 

F o u r i e r  Transform of t h e  Shaker Impulse Response Modif ied  by 
t h e  A c c e l e r a t i o n  N o n l i n e a r i t y  Func t ion  of t h e  MB210/MB5140 
System 

A c c e l e r a t i o n  N o n l i n e a r i t y  Func t ion  of t h e  NB C125/MB 9968 
System 

F o u r i e r  Transform of t h e  Shaker  Impulse Response Modif ied by 
t h e  A c c e l e r a t i o n  N o n l i n e a r i t y  Func t ion  of t h e  ME C125/MB 996A 
System 

A c c e l e r a t i o n  N o n l i n e a r i t y  Func t ion  of Boeing-Ling 249/Lirtg 
PP-120/150 System 

F o u r i e r  Transform of t h e  Shaker  Impul-se Response Modif ied 
by t h e  A c c e l e r a t i o n  N o n l i n e a r i t y  of t h e  Boeing-Ling 249/Ling 
PP-120/150 System 

Conceptua l  Des ign-Trans ien t  Waveform C o n t r o l  System 

Data  P r o c e s s i n g  E r r o r  

T y p i c a l  F o u r i e r  Transform X o d ~ i l u s  

V i b r a t i o n  System D i s t o r t i o n  

V i b r a t i o n  System D i s t o r t i o n  

V i b r a t i o n  System D i s t o r t i o n  

V i b r a t i o n  System D i s t o r t i o n  

V i b r a t i o n  System D i s t o r t i o n  

V i b r a t i o n  System D i s t o r t i o n  

19-Mil l isecond Comparison---"Required" and "Synthesized" 
T r a n s i e n t  Navef orm TAT/Agena-D Launch Veh ic l e  (OGO-D 
Spacecraf  E )  , PL20 a t  T4-234 e 5 

R 

R 

F o u r i e r  Transform Xodulus of  t h e  PL-20 Required Waveform F(w) 

F o u r i e r  Transform Flodulus of Syn thes i zed  Waveform PL-20,F1(w) 

T i m e  I i i s t o r y  of Required Waveform PL-30, E ( t ) R  

Page 

124 

125 

126 

127 

128 

130 

1-21 

1-29 

11-2 

11-3 

11-4 

11-5 

11-6 

1 1 - 7  

111-4 

111-5 

111-6 

111-7 

x i  



LIST OF ILLUSTRLJTONS (CONT) 

i F i g u r e  Page 

111-5 F o u r i e r  T rans f  oim Modulus of Required Wavef oim, F' (w) 111-8 

111-6 T i m e  His t o r y  of  Syn thes i zed  Wavef o m ,  f ' (t ) 111-9 

111-7 F o u r i e r  Transform Modulus of Syn thes i zed  Waveform PL-30, 
F '  (w>, 111-10 

x i i  



' SYmJOLS 

8 '  
S c a l i n g  f a c t o r  i n  (1) modif ied  s tep-decay p u l s e  ( 2 4 , 5 7 6  x 10 ) and 
(2)  s h a k e r  impulse response  (1.95 x 108) 

A '? 

A / D  

D /A 

e 

E (w) 

f 

f 2  

F o u r i e r  i n t e g r a l  t r a n s f o r m  f u n c t i o n  of  f requency  

F a s t  F o u r i e r  Transform f u n c t i o n  of n 

Discrete F o u r i e r  t r a n s f o r m  f u n c t i o n  of f requency  

A n t i - a l i a s i n g  f i l t e r  c h a r a c t e r i s t i c s  

A n a l o g - t o - d i g i t a l  c o n v e r t e r  

D i g i t a l - t o - a n a l o g  c o n v e r t e r  

Naperian b a s e ,  2.7182818, - .  
E r r o r  t e r m  ( f requency  domain) i n  t r a n s i e n t  waveform c o n t r o l  sys tem 

frequency 

R F i r s t  f requency  increment  b e f o r e  f 

F i r s t  f requency  increment  a f t e r  f 

Resonant r e s p o n s e  frequency observed  on F o u r i e r  t r a n s f o r m  modulus p l o t  

R 

Quant ized  t i m e  h i s  t o r y  

T i m e  domain d e s c r i p t i o n  of a f u n c t i o n  

T r a n s i e n t  c a l i b r a t i o n  i n p u t  

T r a n s i e n t  c a l i b r a t i o n  o u t p u t  

Required waveform t r a n s i e n t  t i m e  domain d e s c r i p t i o n  

S y n t h e s i z e d  i n p u t  v o l t a g e  

P e r i o d i c  f u n c t i o n  of time 

P e r i o d i c  f u n c t i o n  of f requency  

F o u r i e r  t r a n s f o r m  e r r o r  term 

F o u r i e r  t r a n s f o r m  of q u a n t i z e d  t i m e  h i s t o r y  

Frequency domain d e s c r i p t i o n  o f  a f u n c t i o n  

Frequency domain d e s c r i p t i o n  of r e q u i r e d  waveform 

A c c e l e r a t i o n  due  t o  g r a v i t y  

x i i i  ' 



SYMBOLS (CONT) 

k 

B 

A 

6 

6 ( t )  

6 2  

0 

Impulse r e s p o n s e  f u n c t i o n  

T r a n s f e r  f u n c t i o n  

(1) 
( 2 )  

I n t e g e r  n o t a t i o n  on F a s t  F o u r i e r  Transform 
103 as i n  1 kHz 

A r b i t r a r y  c o n s t a n t  

Number of b i t s  i n  a word 

Number of samples  d e s c r i b i n g  a d i s c r e r e  f u n c t i o n  

Number of q u a n t i z i n g  l e v e l s '  

Sampling r a t e  

L a p l a c e  o p e r a t o r ,  S = 5 f jo 

Time d u r a t i o n  of d a t a  sanpie 

Fast F o u r i e r  Transforin f u n c t i o n  of k 

F o u r i e r  i n t e g r a l  t r a n s f o r m  f u r t c t i q n  of t i m e  

Parameter  of modi f ied  s tep-decay f u n c t i o n  
a = 6 , 2 8 3  r a d i a n s l s e c  

Parameter  of m o d i f i d  s tep-decay  f u n c t i o n  
B = 314.1  r a d i a n s l s e c  

Small  increment  of a f u n c t i o n  

Damping r z t f o  

Impulse f u n c t i o n  

Phase  a n g l e  c o i n c i d e n t  w i t h  f 

Phase angle c o i n c i d e n t  w i t h  f 

(1) rim va lue  o f  a s i g n a l  
(2 )  r e a l  p a r t  of ~ a P I a c e  o p e r a t o r  S = 5 + jo 
(3) a r b i t r a r y  c o n s t a n t  o = 1 ,758  

3. 

2 

XiV 



SYPBOLS (CONT) 

Variance of e r r o r  term 2 
e 0 j 

.r Truncation length of data  sample 

T T i m e  constant 

w Radian frequency 

0 

3 

xv 



INTRODUCTION 

S p a c e c r a f t  v i b r a t i o n  i s  caused by two d i f f e r e n t  s o u r c e s .  The f i r s t  i s  
c h a r a c t e r i z e d  by a cont inuous  p r o c e s s ,  such as launch  b o o s t e r  n o i s e  o r  t r a n -  
s o n i c  b u f f e t ,  and r e q u i r e s  t h a t  t h e  p r o c e s s  b e  ana lyzed  by harmonic a n a l y s i s  
w i t h  a s t a t i s t i c a l  c o n s i d e r a t i o n .  The second i s  t r a n s i e n t  i n  n a t u r e  and ar ises  
from i m p u l s e s ,  such  as e n g i n e  s tar ts  and s t o p s  and s t a g i n g  o p e r a t i o n s .  T h i s  
t y p e  r e q u i r e s  t h a t  t h e  p r o c e s s  b e  ana lyzed  a s  a t r a n s i e n t .  The widespread  
p r a c t i c e  of a p p l y i n g  cont inuous  sine-sweep v i b r a t i o n  tests ( g e n e r a l i z e d  h a r -  
monic a n a l y s i s )  t o  s p a c e c r a f t  which e x p e r i e n c e  t r a n s i e n t  e x c i t a t i o n  of h i g h  
l e v e l  i s  t o o  c o n s e r v a t i v e .  The r e s u l t s  of t h i s  s t u d y  d e m o n s t r a t e  t h a t  
t r a n s i e n t  waveform c o n t r o l  of e l e c t r o m a g n e t i c  v i b r a t i o n  t e s t  equipment i s  
f e a s i b l e ,  and p r o v i d e s  a b e t t e r  method of s i m u l a t i n g  a t r a n s i e n t  environment 
i n  a l a b o r a t o r y  ( F i g u r e s  1 and 2 ) .  

T h i s  f i n a l  r e p o r t  c o v e r s  t h e  work performed under  NASA Goddard C o n t r a c t  
NhS5-15171, F e a s i b i b i l i t y  and Conceptual  Design Study - V i b r a t i o n  Genera tor  
T r a n s i e n t  Waveform C o n t r o l  System. 'l'he purpose of t h e  c o n t r a c t  i s  t o :  

1) Perform a f e a s i b i l i t y  and c o n c e p t u a l  d e s i g n  s t u d y  of an  o n - l i n e  c o n t r o l  

2 )  P r o v i d e  an a n a l y s i s  of t h e  proposed sys tem;  

3 )  S t a t e  c o n s i d e r a t i o c s  of a d v e r s e  e f f e c t s  of p o s s i b l e  n o n l i n e a r i t i e s  on 

4 )  C o n t r o l  t r a n s i e n t  waveforms at: t h e  test  a r t i c l e ,  u s i n g  e i t h e r  an  

sys tem capab1.e of o p e r a t i n g  i n  n e a r  rea l  t i m e ;  

t h e  control.  sys tem performance;  

e l e c t r o m a g n e t i c  o r  a h y d r a u l i c  v i b r a t a r ,  w i t h  t i m e  d u r a t i o n  from 0 . 1  
m i l l i s e c o n d  t o  2 . 0  seconds ,  and f requency  c o n t e n t  from 2 Hz t o  5,000 Hz. 

1 .  
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Figure ]-A: TRANSIENT V1I;RATION DATA FROM 
THE TATIAGENA-D LAUNCH VEHICLE 

(OGO-D Spacecraf t )  PL20 AT Ti-234.5 
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Figure 1-B:  LABORATORY ELECTROMAGNETIC 
TEST EQUIPMENT SYNTHESIS 
OF OGO-D FLIGHT TRANSIENT 

OF LABORATORY SYNTHESIZED 
OGO-D FLIGHT TRANSIENT 

Figure 1 :  TRANS1 ENT WAVEFORM CONTROL APPLIED TO SPACECRAFT 
FLIGHT TRANSIENTS 
b249 V i  b r a t o r  PPI 20/150 Amp1 i f i  BY Speeirflcn \lei g h t  4501 b 
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PRELIMINARY D I S C U S S  I ON 
&"4 

? 

The p rocedures  and r e s u l t s  o f  t h i s  i n v e s t i g a t i o n  a r e  p r e s e n t e d  in- t h e  
f o l l o w i n g  s e c t i o n s ,  

I n  t h e  "General  O u t l i n e  o f  Approach" S e c t i o n ,  t h e  problem and proposed 
method of s o l u t i o n  a re  p r e s e n t e d  w i t h  the p r a c t i c a l  d i f f i c u l . t i e s  i nvo lved  
i n  o b t a i n i n g  a s o l u t i o n .  

I n  t h e  " F o u r i e r  I n t e g r a l  Transform E r r o r  Study" S u b s e c t i o n ,  t h e  r e s u l t s  
of  an  e?ipirical  ana l .y s i s  are  d i r e c t e d  a t  answer ing  t h e  q u e s t i o n ,  "wliat i s  
r e q u i r e d  t o  r-lccui-ately r e p r e s e n t  a bounded- t r ans i en t  time f u n c t i o n  i n  t h e  
f r cqueccy  domain'?" ?'lie a n a l y s i s  i n  t h i s  s e c t i o n  p r o v i d e s  d i . r t?c t ion  f o r  
t h e  subs  e qu en t ex p e r i lil en t a 1. wo r k . 
The r e s u l t s  of expe r imen t s  w i t h  a p r o t o t y p e  d i g i t a l  c o n t r o l  sys tem are  
inc luded  i n  t h e  "Experimental  I n v e s t i g a t i o n  w i t h  a T r a n s i e n t  Waveform 
P r o t o t y p e  C o n t r o l  System'' Subsec t ion .  Both f l i g h t  d a t a  from an OGO-D 
spacec ra f  t and an  a n a l y t i c  f u n c t i o n  were s y n t h e s i z e d  on t y p i c a l  v i b r a t i o n  
t e s t  a p p a r a t u s  u s i n g  a l a b o r a t o r y  g e n e r a l  purpose  computer .  

I 1  I f  The "Con t ro l  Systeic L n i p i r i  c a l  E r r o r  S tudy ,  
"Nonl inear i  t i es"  S u b s e c t i o n s  i n c l u d e  p r a c t i c a l  e x p e r i e n c e  wi th  thc pro- 
t o t y p e  sysLem. a n a l y t i c  arid empirical p r e s e n t a t i o n s  of system e r r o r s ?  
and equipment l i m i t a t  ions w j  t h  a c o n c i s e  conmentary oil t h e  a d v e r s t  eff<>-ct 
of n o n l i i i e a r i t i e s  k s t a t i s t i c a l  d e f i n i t i o n  of t h e  c o n t r o l  sys t em pel-- 
formance is p r e s e n t e d  i n  Appendix 111. 

Equipment Limitations, ' I  and 

The r equ i r emen t s  f o r  implementing a T r a n s i e n t  Wavefomi Con t ro l  S y s  t e m  i n  as 
n e a r  a n  on - l ine  f a s h i o n  as p o s s i b l e  a r e  i n c l u d e d  i n  t h e  "Conceptual  Design 
o f  C o n t r o l  System" and "Cost E s t i m a t e  o f  Proposed System" s u b s e c t i o n s .  

P a r t i c u l a r  emphasis  was d i r e c t e d  a t  us ing  bo th  t i m e  and f requency  domain 
c r i t e r i a  f o r  t h e  adequacy of t h e  c o n t r o l l e d  waveforms. Th& d i g i t a l  p r o t o t y p e  
c o n t r o l  system iias many p r i n t  and p l o t  o p t i o n s  w i t h i n  t h e  sequence of computa- 
t i o n .  A complete  sequence  i s  inc luded  w i t h  examples i l l u s t r a t i n g  F o u r i e r  
t r ans fo rm p rope r t - i e s  of t r a n s i e n t  d a t a  d e r i v e d  from d i g i t a l  c a l c u l a t i o n s .  

The g raphs  of  t h e  F o u r i e r  t r ans fo rm modulus c a r r y  a d i s t i n c t  e r r o r  i n  t h e  
low f requency  domain. T h e  l o w  f r q u e n c y  e r r o r  s o u r c e s  have been i s o l a t e d ,  
e v a l u a t e d ,  and c o r r e c t i v e  nc t i o n  o u t l i n e d  w i t h i n  t h e  scope  of t h i s  f e a s i b i l i t y  
s t u d y  i s  i n c l u d e d  i n  t h e  t e s t .  

Appendis I ,  "Er ro r  . ' n a l y s i s  o f  3 T r a n s i e n t  Waveform C o n t r o l  System,"  pre-  
s e n t s  a d e t a i l e d  e r r o r  model of t-he proposed c o n t r o l  system. The a n a l y s i s  i n  
t h i s  s e c t i o n  vas  devel  oped from a mathemat ica l  v i ewpo in t  and t h e  n o t a t i o n  is 
s e l f  c o n t a i n e d .  I t s  b a s i c  assumpt ion  o f  ' w h i t s '  wide  band s t a t i o n a r y  n o i s e  was 
i n v a l i d a t e d  w i t h  l s b o r a t o r y  e x p e r i e n c e  on t h e  p r o t o t y p e  c o n t t o l  sys tem.  The 
"Cont ro l  System E m p i r i c a l  E r r o r  Study" S e c t i o n ,  i n c l u d e d  i n  t h e  t e x t ,  is s e m i -  
empir ica l ,  d i r e c t l y  r e l a t i n g  t h e  f i n d i n g s  of t h e  f e a s i b i l i t y  s t u d y  and concep- 
t u a l  d e s i g n .  

4 



Appendix 11, p r e s e n t s  d i s t o r t i o n  d a t a  on b o t h  NASA-Goddard v i b r a t i o n  equip-  
ment, t o  b e  used as a p a r t  of t h e  T r a n s i e n t  Waveform C o n t r o l  sys tem,  and a 
Boeing v i b r a t i o n  sys tem t h a t  h a s  been used s u c c e s s f u l l y  t o  per form t r a n s i e n t  
wave f o r m  con t r o  1. 

t i  Appendix 111, S t a t i s t i c a l  A n a l y s i s  of t h e  P r o t o t y p e  C o n t r o l  System Per-  
formance," p r e s e n t s  e m p i r i c a l  ev idence  of t r a n s i e n t  waveform c o n t r o l  w i t h  a t i m e  
domain v a r i a n c e  of l e s s  t h a n  13 p e r c e n t .  

5 



G E N E R A L  OUTLINE OF APPROACH 

The o b j e c t i v e  of s t r u c t u r a l  tes t  programs has bee'n t o  o b t a i n  d a t a  f o r  
c o r r e l a t i o n  w i t h  a n a l y t i c  r e s u l t s .  These tests g e n e r a l l y  f a l l  i n t o  t h r e e  
c a t e g o r i e s - - - s t a t i c ,  modal,  and f o r c e d  r e s p o n s e .  Labora to ry  tes t  p rocedures  
a re  e s t a b l i s h e d  t o  g e n e r a t e  f o r c e d  r e s p o n s e s  of a s t r u c t u r e  f o r  s i n u s o i d a l  
and random e x c i t a t i o n s .  T r a n s i e n t  tes t  p rocedures ,  such  as shock s p e c t r a  o r  
tone  b u r s t  f o r  t r a n s i e n t  e x c i t a t i o n s ,  are c u r r e n t l y  s u b j e c t  t o  c o n j e c t u r e  w i t h  
u n i v e r s a l  acknowledgement t h a t  t r a n s i e n t  waveforms a re  d i f f i c u l t  t o  r ep roduce  
on a v i b r a t i o n  tes t  sys tem.  'The s u c c e s s f u l  implementa t ion  of a T r a n s i e n t  
Waveform C o n t r o l  System f o r  l a b o r a t o r y  tes t  a p p a r a t u s  has many r a m i f i c a t i o n s  
t h a t  r e s u l t  i n :  

1 )  Reduced tes t  c o s t s ;  

2)  Design based  on t r a n s i e n t  response  l o a d s  r a t h e r  t h a n  l o a d s  developed i n  
s i n e  tes ts ; 

3 )  K e l i a b i l i t y  ( i . e . ,  no  cu~mi l a t i v e  f a t i g u e  damage) ; 

4 )  V i r t u a l  s i m u l a t i o n  of damage p o t e n t i a l  of a s e r v i c e  environment;  

5) K2product ion of p a s t  s e r v i c e  envi ronments .  

The  a n a l y s i s  of a c o n t r o l  s y s t e m  i s  based  on a t r a n s f e r - f u n c t i o n  concept  
employing a b lock  d iagram r e p r e s e n t a t i o n  of t h e  sys t em o r  i t s  components. 
These b lock  diagrams r e p r e s e n t  t h e  f l o w  of i n f o r m a t i o n  and the f u n c t i o n s  per -  
formed by each  component in t h e  system. T h e  dynamic c h a r a c t e r i s t i c s  of t h e  
f u n c t i o n a l  b l o c k ,  i n  terms of a t r ansEer  f u n c t i o n ,  a r e  d e f i n e d  by the  r a t i o  of 
t h e  F o u r i e r  t r ans fo rm of the output- t o  tile F o u r i e r  t r a n s f o r m  of the  i n p u t .  A 
t r ans fo rm o r  t r a n s f o r m a t i o n  p r o c e s s  is  a ma themat i ca l  o r  p h y s i c a l  t o o l  t o  a l t e r  
t h e  problem i n t o  one t h a t  can b e  s o l v e d .  I t  i s  i m p o r t a n t  t o  r e c o g n i z e  t h a t  
t r a n s i e n t  waveforms and t h e i r  f r equency  spec t ra  are F o u r i e r  t r ans fo rms  of each  
o t h e r .  

The g e n e r a l  approach t o  t h i s  T r a n s i e n t  Waveform C o n t r o l  System i s  to :  

1) Develop an a c c u r a t e  d e f i n i t i o n  of t h e  tes t  sys tem i n v e r s e - t r a n s f  er 
f u n c t i o n ,  l / H ( w ) ,  i n  tl;e f r equency  domain; 

2 )  M u l t i p l y  t h e  f r equency  domain d e s c r i p t i o n  of t h e  r e q u i r e d  waveform by t h e  
i n v e r s e - t r a n s f e r  f u n c t i o n  of t h e  tes t  system; 

3 )  I n v e r s e  t r ans fo rm t h i s  p r o d u c t  i n t o  t h e  t i m e  domain, 

Th i s  computer-generated t i m e  domain f u n c t i o n  r e p r e s e n t s  a v o l t a g e  t h a t ,  
when a p p l i e d  as a n  i n p u t  t o  t h e  t es t  sys tem,  will c a u s e  t h e  r e q u i r e d  waveform t o  
be  g e n e r a t e d  a t  the  c o n t r o l  p o i n t .  Th i s  concep t  i s  s c h e m a t i c a l l y  i l l u s t r a t e d  
i n  F i g u r e  3 .  
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'B A t r a n s i e n t  c a l i b r a t i o n  p u l s e  o f  t h e  forni i s  used 

= 0 ,  t < 0 

T h i s  c a l i b r a t i o n  p u l s e  w a s  chosen f o r  two r e a s o n s :  f i r s t ,  t h e  F o u r i e r  t r a n s f o r m  
of t h i s  p u l s e  c o n t a i n s  a l l  f r e q u e n c i e s  w i t h i n  t h e  system bandwidth,  and p r o v i d e s  
s u f f i c i e n t  energy  a t  all f r e q u e n c i e s  t o  f u l l y  d e f i n e  t h e  sys tem t r a n s f e r  f u n c t i o n .  
Second, t h e  f i n i t e  energy t h a t  t h i s  p u l s e  p u t s  i n t o  t h e  t es t  sys tem does n o t  
j e o p a r d i z e  t h e  t es t  specimen from t h e  s t a n d p o i n t s  of  cumula t ive  f a t i g u e  damage 
o r  d e s t r u c t i v e  r e sonances  of t h e  test  specimen. The magnitude of t h e  c a l i b r a t i o n  
p u l s e  can b e  a d j u s t e d  t o  t h e  approximate l eve l  of  t h e  r e q u i r e d  t r a n s i e n t  s o  t h a t  
t h e  t r a n s f e r  f u n c t i o n  of t h e  sys t em,  i f  m i l d l y  n o n l i n e a r ,  can b e  most a c c u r a t e l y  
d e s c r i b e d  f o r  t h a t  l e v e l  p u l s e .  

For t r a n s i e n t  c o n t r o l  of  v i b r a t i o n  t e s t  equipment ,  t h e  f requency  domain 
r e p r e s e n t a t i o n s  of  bo th  t h e  t i m e  h i s t o r y  of  t h e  d e s i r e d  t r a n s i e n t  and t h e  
t r a n s f e r  f u n c t i o n  of  t h e  tes t  equipment are r e q u i r e d .  H i s t o r i c a l l y ,  r ep re -  
s e n t i n g  a time f u n c t i o n  i n  t h e  f requency  domain h a s  been  performed e x c l u s i v e l y  
w i t h  ana log  equipment w i t h  d i f f i c u l t y  and l i m i t e d  s u c c e s s .  The advent  of 
d i g i t a l  coinputers h a s  opened n e w  methods € o r  problem-solving,  and f o r  c o n t r o l  
t echn iques  once cons id2 red  i m p r a c t i c a l .  

Fundamental  t o  any frequency-domain a n a l y s i s  of  t r a n s i e n t  time-domain 

) d a t a  i s  t h e  computa t ion  o f  F o u r i e r  i n t e g r a l  t r a n s f o r m .  The F o u r i e r  i n t e g r a l  
*' i s  d e f i n e d  € o r  con t inuous  d a t a  b o t h  i n  time and f r equency ,  as  

m 

03 

F ( w ) =  1 f ( t ) ( c o s w t  - j s i n w t ) d t .  
-03 

The co r re spond ing  i n v e r s e  F o u r i e r  t r a n s f o r m  i s  t h e n  d e f i n e d  as 

m 

j w t  f ( t >  = - 1 F(u)e  dw 
-Lu 

2n  ( 3 )  

a3 

J F(o) (coswt  + j s inwt)dw.  1 
2Tr 

f ( t )  = - 
-m 
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I f  t h e  t i m e  f u n c t i o n ,  f ( t ) ,  i s  sampled a t  N even t i m e  in te rva ls  of A t  seconds ,  
then  t h e  F o u r i e r  i n t e g r a l  t r ans fo rm p a i r  g iven ,  Equa t ions  (2 )  and ( 3 ) ,  are 
r e d e f i n e d  as t h e  d i s c r e t e  F o u r i e r  t r ans fo rm 

-jwnAt N - 1  
Fp(a)  = A t  C f ( t ) e  

n=O P 

and t h e  i n v e r s e  d i s c r e t c  F o u r i e r  t r ans fo rm i s  

where,  i n  b o t h  cases, 

n - 0 ,  1, 2, . . . . N - - 1 .  

The normal  p rocedure  f o r  computing t h e  F o u r i e r  t r ans fo rm of a sampled t i m e  
f u n c t i o n  on t h e  d i g i t a l  computer would u s e  

N - l  
F (w) = A t  J: f ( t ) ( c o s m A t  - j s i n o n A t ) .  

P n=O P 

( 4 )  

The r e s u l t i n g  F o u r i e r  t r a n s f o r m  i s  a complex q u a n t i t y  where t h e  c o s i n e  t e r m s  
are t h e  r e a l  p a r t  and t h e  s i n e  terms are t h e  imaginary  p a r t ,  The modulus of t h e  
F o u r i e r  t r a n s f o r m  i s  d e f i n e d  as t h e  s q u a r e  r o o t  of t h e  sum of t h e  s q u a r e s  of t h e  
r e a l  and imag ica ry  p a r r s .  The t r ans fo rm phase  a n g l e  i s  t h e  a r c t a n g e n t  of t h e  
imaginary  p a r t  d i v i d e d  by t h e  r e a l  p a r t ,  

I f  t h e  sampled t i m e  f u n t i o n ,  f ( t ) ,  c o n t a i n s  N d a t a  p o i n t s ,  t h e  compu- 
t a t i o n  of N v a l u e s  of F (w) w i l l  r e q e i r e  
a d d i t i o n s .  

N2 complex m u l t i p l i c a t i o n  and P 

I n  1965, a new a l g o r i t h m  f o r  computing a d i s c r e t e  F o u r i e r  t r a n s f o r m  was 
d e s c r i b e d  by Cooley and Tukey(')*. 
Transform (FFT) . 
e f f i c i e n t  grouping ,  matrix o p e r a t i o n s  and f a s t  d i f f e r e n c e  e q u a t i o n  methods.  
The FFT r e q u i r e s  on ly  Nlog2N complex o p e r a t i o n s  t o  compute t h e  t r ans fo rm t h a t  
Equat ion  6 r e q u i r e d  N2 o p e r a t i o n s  t o  do ,  
p o i n t s ,  t h e  FFT computa t ion  would be  about  341  t i m e s  f a s t e r .  

T h i s  a l g o r i t h m  is  known as t h e  F a s t  F o u r i e r  
C a l c u l a t i n g  e f f i c i e n c i e s  are implemented v i a  symmetry, 

Fo r  example,  i f  N e q u a l s  4,096 d a t a  

*Numbers i n  p a r e n t h e s i s  r e f e r  t o  r e f e r e n c e s  a t  t h e  end of t h e  repor t ' .  
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. .  , ,  

The FFT i s  a d i s c r e  tc F o u r i e r  t r a n s f o r m  based upon r e c i p r o c a l  e q u a t i o n s ( 2 )  
O€ t h e  F o u r i e r  t r a n s f  orin, 

-j2nnk/N fi-1 
A(n) = : C X(k)e 3 

iU k=O 

and t h e  i n v e r s e  F o u r i e r  tlransf orm, 

j 2TTllk/Id N - 1  
X(k) = C A(n)e 

n=O 

( 7 )  

The q u a n t i t i e s  A(n) and X(1c) r e p r e s e n t  number sets o n l y ,  I n  t h i s  form,  
t h e y  are n o t  r e s t r i c t e d  t o  a t ime-frequency d0mai.n r e l a t i o n s h i p .  

Equat ions  ( 7 )  and (8) are u s e d  t o  compute d i s c r e t e  F o u r i e r  t r a n s f o r m s ,  
i.n u n i t s  of t i m e  and freqi iency,  by  i n c l u s i o n  OJ t h e  sampling i n c r e m e n t s ,  A t  
and Af9 and u s e  of t h e  f o l l o w i n g  theorern(2) a 

,) I f ,  x ( t )  ( a  cont inuous  time f u n c t i o n  f o r  --oo<t<m) and a c f )  ( a  COnt~-nuOuS 
f r e q u e n c y  f u c c t i o n  f o r  --v3<f<m) are  a F o u r i e r  i n t e g r a l  t r a n s f o r m  F a i r ,  

t h e n  I 

TX ( k a t ) ,  k = 0 ,  1, 2 e , . N - 1 
P 

and 
A ( n L f > ,  n = 0 ,  1, 2 . . . . N - 1 

P 

are a d i s c r e t e  F o u r i e r  t r a n s f o r m  p a i r ;  where,  

The r e s u l t i n g  t r a n s f o r m  p a i r  are (" 

N - 1  

k = O  

-j 27rkn/N 
A ( n n f )  = A t  C X (ki",tl)e 

P P 
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and 

j2~rkn/N N- 1 
X (kAt) = Af C A (nAf>e 

P 
Y 

n=O P 
( 1 4 )  

where 

A ( n n f )  = ntl i  complex f requency  sample ;  
P 
X ( k a t )  = k t h  t i m e  sample ;  

P 
N = T o t a l  number of t i rne/frequency samples ,  

j = 4-1 
7 

One r e s t r i c t i o n  on t h e  FFT c a l c u l a t i o n  p r o c e s s  i n v o l v e s  t h e  t r a n s f o r m  
r e s o l u t i o n  i n  t h e  f r e q u e n c y  domain, A f .  T h i s  i s  res t r ic ted  t o  b e  t h e  r e c i p r o -  
c a l  of t h e  t o t a l  s a m p l e  r e c o r d  l e n g t h ,  T (Equat ion  1 2 ) .  For  example, t o  accom- 
modate a 2 I-Iz r e s o l u t i o n  i n  t h e  f r e q u e n c y  doniain, t h e  t o t a l  sample l e n g t h  must 
e q u a l  0.5 second.  This  r e s t r i c t i o n  can be 1- i f ted  only  w i t h  a thorough under- 
s t a n d i n g  of t h e  boundary c o n d i t i o n s  involved  i n  Foui-Ler t r a n s € o i m  t h e o r y ,  The 
t e c h n i q u e  of  adding  z e r o  ampl i tude  d a t a  p o i n t s  o n t o  read  d a t a ,  t h e r e b y  a r t i f i -  
c i a l l y  i n c r e a s i n g  t h e  sample record  l e n g t h  i s  d i s c u s s e d  in t h e  "Co;itrol S y s i  e m  
Empir ica l  E r r o r  Study" S e c t i o n .  The advantages  of having e q u i v a l e n t  d i s c r e t e  
d a t a  p o i n t s ,  b o t h  i n  t h e  t i m e  and Frequency domain, d i r e c t e d  t h e  use  of FFT com- 
p u t a t i o n  a s  t h e  pr imary t o o l  f o r  mechanizing t h e  c o n t r o l  sys tem d e s i g n  t a s k .  

1 

When a p h y s i c a l  q u a n t i t y  i s  r e p r e s e n t e d  n u m e r i c a l l y ,  a n o n l i n e a r i t y  i s  
i n h e r e n t l y  p r e s e n t  i n  t h e  form of q u a n t i z a t i o n  e r r o r ,  The v a l u e  of t h e  measure- 
ment i s  d e s i g n a t e d  by a n  i n t e g e r  cor responding  t o  t h e  n e a r e s t  number of u n i t s  
c o n t a i n e d  i n  t h e  measured p h y s i c a l  q u a n t i t y .  A c o n t r o l  sys tem i n c o r p o r a t i n g  
t h i s  p r o c e s s  i s  n o n l i n e a r ,  and d i f i i c u l t  t o  d e a l  w i t h  by any d i r e c t  a n a l y t i c  
p r o c e d u r e $  A s t a t i s t i c a l  a n a l y s i s  reduces  t h e  complexi ty ,  y i e l d i n g  a v e r a g e  
r e s u l t s  t h a t  are adequate  f o r  sys tem e v a l u a t i o n  and d e s i g n .  An e m p i r i c a l  ap- 
proach r e d u c e s  Lhe complexi ty  f u r t h e r  by p l a c i n g  r e a l  bounds on t h e  e r r o r s  as 
a f u n c t i o n  of t h e  q u a n t i z i n g  v a r i a b l e .  
when s u b j e c t e d  t o  t h e  e x p e r i m e n t a t i o n  i n  t h i s  s t u d y ,  produced a s i g n i f i c a n t  
argument € o r  t h e  n e c e s s a r y  u n b i a s i n g  o€ q u a n t i z e d  d a t a  f o r  t h e  a c c u r a t e  
d e f i n i t i o n  ( d i g i t a l  d e s c r i p t i o n )  of a waveform. 

The c o n t r o l  system p r o t o t y p e  d e s i g n ,  

I n  t h e  sampling p r o c e s s ,  a l i a s i n g  i s  a major  c o n s i d e r a t i o n  i n  c o r r e c t l y  
c o n d i t i o n i n g  any d a t a  € o r  f requency  domain o p e r a t i o n s .  A l i a s i n g  i s  a phenom- 
ena  where d i f f e r e n t  f r e q u e n c i e s  adopt  t h e  i d e n t i t y  of one p a r t i c u l a r  f r e q u e n c y .  
I f  t h e  t i m e  i n t e r v a l  between d a t a  samples  i s  A t ,  t h e  sampling ra te  i s  l / A t  
samples p e r  second.  The r e a l  f requency  c o n t e n t  of t h e  d a t a  can only b e  d e f i n e d  
from 0 t o  1 / 2 A t  c y c l e s  p e r  second and h i g h e r  f r e q u e n c i e s  w i l l  b e  f o l d e d  i n t o  t h e  
f requency  range  from 0 t o  1 / 2 A t  c y c l e s  p e r  second.  This  c u t o f f  f requency ,  
f c  = 1/2At ,  i s  known as t h e  Nyquist  f o l d i n g  f requency .  i 
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Recognizing t h e  i n h e r e n t  j r o b l e m s  a s s o c i a t e d  w i t h  d i g i t a l  r e p r e s e n t a t i o n  
of d a t a  and f r e q u e n c y  domain c a l c u l a t i o n ,  t h e  s t u d y  p l a n  c a l l e d  f o r  a n  ex ten-  
s i v e  i n v e s t i g a t i o n  t o  d e f i n e  t l i c  e r r o r s  a s s o c i a t e d  w i t h  the computat ion of t h e  
F o u r i e r  i n t e g r a l  t ransform,  and  t h e  development of a p r o t o t y p e  c o n t r o l  sys tem 
on a g e n e r a l  purpose  computer a s s o c i a t e d  w i t h  a l a b o r a t o r y  dynamic d a t a  a n a l y s i s  
s y s  t e m .  

> ’ 

The s p e c i f i c  F o r t r a n  s t a t e m e n t s  t h a t  per form t h e  F a s t  F o u r i e r  Transform 
u s e d  i n  t h i s  s t u d y  are  c o n t a i n e d  i n  Reference  ( 3 ) .  

1 2  



F E A S I B I L I T Y  STUDY RESULTS 

F o u r i e r  I n t e g r a l  Transform E r r o r  Study 

Three  mathemat ica l ly  s i m u l a t e d  ana log  d a t a  p u l s e s  w e r e  g e n e r a t e d  by t h e  
computer. These p u l s e s  w e r e  t h e n  sampled, a c c o r d i n g  t o  a f i x e d  p l a n ,  t o  simu- 
l a t e  a c t u a l  a n a l o g - t o - d i g i t a l  (h/D) convers ion .  The sampling parameters  were: 
(1)  woxd s i z e  Fi (number of b i t s  i n  A I D  c o n v e r t e r  word);  ( 2 )  sampling r a t e  R 
(samples/second)  ; and (3)  sampled r e c o r d  l e n g t h  T ( seconds ) .  The F a s t  F o u r i e r  
Transforms (FFT) of t h e s e  sampled p u l s e s  were t h e n  computed and p l o t t e d .  The  
p l o t s  were compared w i t h  t h e  p l o t  of t h e  t h e o r e t i c a l  F o u r i e r  t ransform of t h e  
p u l s e  t o  de te rmine  t h e  e r k o r s  involved  i n  q u a r i l i z a t i o n ,  sample r e c o r d  l e n g t h ,  
and sampling r a t e  v a r i a t i o n .  The e f f e c t  was s i m i l a r l y  s t u d i e d  by adding 
pseudo-random n o i s e  t o  t h e  sampled p u l s e s  [ l 1  a n d  a g a i n  comparing t h e  t r a n s -  
forms. 

The s i m u l a t e d  A I D  c o n v e r t e r  word s i z e s  used i n  t h e  e r r o r  s t u d y  were 
If = 8 ( 8  b i t s  p l u s  s i g n ) ,  M = 10 (10 b i t s  p l u s  s i g n ) ,  M = 1 2  ( 1 2  b i t s  p l u s  
s i g n ) ,  and M = 14 (14  b i t s  p l u s  s i g n ) .  Also, f o r  each word s i z e  ( M  = 8 ,  1 0 ,  
1 2 ,  and 1 4 ) ,  t h e  f o l l o w i n g  m a t r i x  of sample r e c o r d  l e n g t h  ( p u l s e  d u r a t i o n ) ,  
T, and sampling r a t e ,  R ,  was used i n  t h e  e r r o r  s t u d y .  

F i r s t  p u l s e ,  t e r m i n a l  peak sawtooth.-The t e r m i n a l  peak sawtooth p u l s e  
used i n  t h i s  s t u d y  meets t h e  b a s i c  shock t e s t  requi rements  s p e c i f i e d  i n  
NIL.STD.810U. T h i s  p u l s e  was chosen as a t y p i c a l  p u l s e .  The a c t u a l  p u l s e  
used  conta ined  a t r a i l i n g  n e g a t i v e  b l o c k ,  of a r e a  e q u a l  t o  t h e  p o s i t i v e  saw- 
t o o t h ,  such t h a t  t h e  o v e r a l l  p u l s e  would c o n t a i n  no d.c., o r  z e r o  f requency ,  
ene rgy .  T h i s  c o n d i t i o n  i s  n e c e s s a r y  f o r  o p e r a t i o n  on e l e c t r o m a g n e t i c  e x c i t e r s .  
The p u l s e  i s  d e s c r i b e d  as f o l l o w s  ( a l s o ,  see F i g u r e  4 ) :  

1 1 1  During t h e  n o i s e  s t u d y ,  t h e  e r r o r s  due t o  q u a n t i z a t i o n ,  sample r e c o r d  
l e n g t h ,  and sampl ing  r a t e  were minimized. 
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The s p e c i f i e d  times are: 

t = 0.0044 second;  1 

t -t 3 1  + - 1 2 '  
t2 = 0.0099 second = t 

t = 0.0154 second;  

t4 = 0.0704 second;  

3 

t = T seconds ;  5 

f ( t )  = 0 ( f o r  t < t l ) ;  

= -  A t  

3 1  
f ( t }  = A t  ( f o r  t < t < t } and f ( t  ) = 0 

( t  -t ) 0.011 1 -  - 3 1 

f ( t >  = - 0 . 1 A  ( f o r  t3 < t - < t4); 

f ( t >  = 0 ( f o r  t4 < t < T); 

f(t> = 0 ( f o r  t > T ) .  

The F o u r i e r  i n t e g r a l  t r a n s f o r m  of t h i s  p u l s e  i s  

where : 

1' T = t  - t  
3 
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This  F o u r i e r  i n t e g r a l  t r ans fo rm is  p l o t r e d  d i r e c t l y  from Equa t ion  15 
\ ( F i g u r e  5 ) .  F i g u r e s  4 th rough 10 i l l u s t r a t e  t h e  i n d i v i d u a l  e f f e c t s  of sepa-  

r a t e l y  v a r y i n g  PI, I<, and T f o r  t h i s  p u l s e ,  These e f f e c t s  can be summarized i 

as 

1) 

3 )  

f 0 l l O t l S .  

Q u a n t i z a t i o n  e r r o r ,  The z e r o  f r equency ,  ( d . c . ) ,  component, s i g n i f i e d  by 
hash  mark on t h e  l e f t  margin of t h e  f i g u r e ,  approaches  z e r o  ( p r o p e r  v a l u e )  
w i t h  i n c r e a s i n g  word size (F igu re  6 ) .  There  i s  no s i g n i f i c a n t  d e g r a d a t i o n  
of  t h e  t r ans fo rm,  i n  t h e  bandwidth from 2 t o  5 ,000  Ilz, due t o  word s i z e  as 
low as 8 b i t s .  

Sainpling r a t e .  I n s u f f i c i e n t  sampl ing  produces  two e f f e c t s .  First, t h e  
F o u r i e r  t r a n s f o r m  i s  t r u n c a t e d  a t  one-half  t h e  sampl ing  f requency  (Nyquis t  
f r equency) ,  Second, as t h e  t r ans fo rm approaches  t h e  Nyquis t  f requency ,  i t  
inc reases" )  above t h e  t e r m i n a l  s l o p e  i n  a " s k i  s l o p e "  manner ( F i g u r e  7 ) .  
Th i s  i s  r e f e r r e d  t o  as a l i a s i n g  and i n  s e r i o u s  cases t h e  e r r o r s  c a r r y  back  
i n t o  t h e  low f requency  domain ( r e f e r  t o  ''Second P u l s e ,  Plodified S t e p  Decay" 
S u b s e c t i o n ) .  

Sample rec-ord l e n g t h .  The p u l s e  d u r a t i o n ,  T ,  i s  v a r i e d  by t h e  a d d i t i o n  o f  
z e r o  ampl i tude  d a t a  v a l u e s .  The o v e r a l l  e f f e c t  i s  t o  roduce c l o s e r  f r e -  
quency r e s o l u t i o n ,  Af. The minimum v a l u e  o f  T (T = 2-5-seconds)  produced 
a segmented,  nonsmooth, t ransformL2] .  The d i s c r e t e  f r e q u e n c i e s .  S ince  
t h e r e  were no  s h a r p  peaks i n  t h i s  t r ans fo rm,  t h e  l a c k  of f requency  domain 
r e s o l u t i o n  w a s  n o t  judgcd t o  be  s e r i o u s  ( F i g u r e s  8 through 10). 

[31 Second p u l s e ,  modi f ied  step decay *-The modi f ied  s tep-decay  p u l s e  was 
chosen t o  demons t r a t e  tlie e r r o r s  gene ra t ed  by q u a n t i z a t i o n  OF' a n a l o g  d a t a ,  ' rh i s  
p u l s e  was cons ide red  as a good test  case because  o f  tile low e x p o n e n t i a l  SI-ope a t  
a low ampl i tude .  Q u a n t i z a t i o n  o f  t h i s  s l o p e  w i l l  c o n v e r t  i t  from a smooth con- 
t i n u o u s  f u n c t i o n  i n t o  a d i s t i n c t  s t a i r case  f u n c t i o n .  A d e s c r i p t i o n  o f  t h e  p u l s e  
i n  t h e  t i m e  domain i s  

t h i s  time h i s t o r y  i s  i l l u s t r a t e d  i n  F i g u r e  11. The F o u r i e r  t r a n s f o r m  of  t h i s  
p u l s e  i s  

and i s  i l l u s t r a t e d  i n  F igu re  12. 

[ 2 ]  Due t o  s t r a i g h t  l i n e  i n t e r p o l a t i o n  between d i s c r e t e  t r a n s f o r m  v a l u e s .  
-0 t -;7 t - Ge [ 3 ]  A step-decay p u l s e ,  f ( t )  = tae  1 ,  w a s  o r i g i n a l l y  t r i e d ,  b u t  

( ( L - - - l ? )  

was n o t  used f o r  f u r t h e r  a n a l y s i s  due t o  e x c e s s i v e  energy  above 5 kHz, 
which c r e a t e d  a l i a s i n g  problems.  
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The pa rame te r s  of Equat ions  10 and 11 are:  

8 ) A = s c a l i n g  f a c t o r ,  2 4 , 5 7 6 ~ 1 0  ; 

B = 314.1 r a d i a n s / s e c ;  

a = 6,283 r a d i a n s j s e c ;  

e = n a p e r i a n  b a s e ,  2.7182818..  . 
The e f f e c t s  of q u a n t i z a t i o n  word s i z e ,  sample r e c o r d  l e n g t h ,  and sampl- 

i n g  r a t e  are summarized as f o l l o w s .  

1) Q u a n t i z a t i o n  el=. F i g u r e s  13  through 16  i l l u s t r a t e  t h r e e  e f f e c t s  of 
i nadequa te  word s i z e .  F i r s t ,  t h e  z e r o  f requency  v a l u e  shou ld  b e  e q u a l  
t o  z e r o  and on ly  t h e  l a r g e  word-size computa t ions  approach t h e  p r o p e r  
v a l u e .  Second,  f o r  small word s i z e  ( 8  and 10 b i t  p l u s  s i g n ) ,  t h e  com- 
puted  t r a n s f o r m  e r r o n e o u s l y  o s c i l l a t e s  above and below t h e  t h e o r e t i c a l .  
t r ans fo rm i n  t h e  low f requency  domain. F i n a l l y ,  s m a l l  word-s ize  conver-  
s i o n  produces  hash  i n  t h e  h igh  f requency  domain. 

2) Sampling rate-. F i g u r e s  1 6 ,  1 7 ,  and 18 i l l u s t r a t e  t h e  e f f e c t s  of inade-  
q u a t e  sampl ing  ra te .  F i r s t ,  t h e  t r a n s f o r m  is  computed o n l y  t o  t h e  
Nyquist  f requency  (one-half  t h e  sampl ing  r a t e )  . Second, a l i a s i n g  occur s  
t o  such  a n  e x t e n t  ( F i g u r e  1 7  i n  p a r t i c u l a r )  t h a t  the  s k i - s l o p e  e f f e c t  
occu r s  a t  b o t h  t h e  lob-€rcquency and high-f requency domain and t h e  corn- 
puted  t r a n s f o r m  unde r shoo t s  i n  t h e  midfrequency domain. > 

3) Samp-le r e c o r d  l e n g t h .  F i g u r e  1 9  i l l u s t r a t e s  t h e  e f f e c t  of i n s u f f i c i e n t  
sanple r e c o r d  l e n g t h ,  which i s  t o  e l i m i n a t e  t h e  computat ion of f r equency  
components below t h e  j n v e r s e  of t h e  sample r e c o r d  l e n g t h ,  T. 

T h i r d  p u l s e  ~ s h a k e r  impulse  r e sponse .  -The t h i r d  p u l s e  was des igned  t o  
r e p r e s e n t  t h e  impulse  r e s p o n s e  of an  e l e c t r o m a g n e t i c  e x c i t e r .  The t r a n s f e r  
f u n c t i o n i 4 1  of  an e l e c t r o m a g n e t i c  e x c i t e r  can  b e  d e s c r i b e d ( 5 1 ,  u s ing  Laplace  
n o t a t i o n ,  as f o l l o w s .  

1 

5 4 3 H(s) = 
s + K S  + K S  + K S ~ + K S + K ( ,  

2 3 4 5 

.I 

1 4 ]  H ( s )  = /EI (s) ( a c c e l e r a t i o n  o u t / v o l t a g e  i n )  

1 6  



The f a c t o r e d  form of t h i s  t r a n s f e r  f u n c t i o n  i s ,  

and i s  p l o t t e d ( 6 )  as ~ 5 1 .  a 

w 
1 

The b r e a k  p o i n t  a t  w 1  i s  due t o  t h e  
q u i t e  l o w  f r equency ,  less than  2 Hz, I f  
t r a n s f e r  f u n c t i o n  can be approximated by 

and w3 -9 

,I 
2 F ( j b i )  = 

[(a +w3 ) - w + j2aw]  1 

j w  
F 2 ( j d  = 2 2  2 [(cr +w2 ) - w +j2aw] 

T h e r e f o r e ,  

3 
w w 

.2 
l o g w  - 
a rma tu re  s u s p e n s i o n  and occur s  a t  
t h e  b r e a k p o i n t  a t  w1 i s  i g n o r e d ,  t h e  
t h e  p roduc t  of 

(j w) w 3  

[(a +w3 ) - w + j 2 a w ]  [(u +w2 ) - w + j2aw]  3 2  2 2 2  2 F( jw)  = 

i s  t h e  s i m u l a t e d  t r a n s f e r  f u n c t i o n  and t h e  impulse  r e sponse  of t h i s  f u n c t i o n  i s  
t h e  t i m e  domain c o n v o l u t i o n  of 

-0t f 2 ( t )  = e (cosw t - sinw t ) .  
2 2 

O'2 

T h e r e f o r e ,  f ( t )  = f , ( t ) * f , ( t ) .  

(22) 

['I I n  t h e  t h e o r y  of Laplace  Transforms,  S = o+jw. I n  t h i s  case, 5 = 0. 
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The method o f  g e n e r a t i o n  of t h i s  p u l s e  w a s  c o n s i d e r a b l y  d i f f e r e n t  from 
t h a t  of t h e  f i r s t  two. The p u l s e  i n f o r m a t i o n  was g e n e r a t e d  i n  t h e  f r equency  
domain from Equat ion  21. The p a r a m e t r i c  v a l u e s  used i n  t h i s  e q u a t i o n  were: 

w 2  = 628 r a d i a n s / s e c ;  

w3 = 17 ,593  r a d i a n s / s e c ;  

€i2 = 2.8 ;  

ti3 = 0.0187;  

CT = 6,w, = 1,758 ; 

Equat ion  21  w a s  m u l t i p l i e d  by a s c a l i n g  f a c t o r ,  

8 
A = 1.95 x 10 , 

t o  y i e l d  a t i m e  h i s t o r y  of  s u i t a b l e  ampl i tude .  The f requency  domain informa- 
t i o n  was t h e n  i n v e r s e  t r ans fo rmed  i n t o  t h e  t i m e  domain t o  produce t h e  d e s i r e d  
s h a k e r  impulse  r e s p o n s e  ( F i g u r e  20) . Due t o  computer i n a c c u r a c i e s  (24 -b i t  
s i g n i f i c a n t s  i n  f l o a t i n g  p o i n t  words ) ,  t h e  i n v e r s e  t r a n s f o r m a t i o n  produced 
sma l l  imaginary  components i n  t h e  t i m e  domain. To f a c i l i t a t e  working w i t h  t h e  
p u l s e  t h e s e  imaginary  components w e r e  equa ted  t o  z e r o  f o r  subsequen t  a n a l y s i s .  
The t h e o r e t i c a l  t r a n s f o r m  was t h e n  gene ra t ed  by t r a n s f o r m i n g  t h e  above d a t a  
( t i m e  h i s t o r y  p u l s e )  back  i n t o  t h e  f r equency  domain u s i n g  f u l l  computer 
accu racy  ( 2 4  b i t s )  ( F i g u r e  2 1 ) .  The z e r o i n g  of t h e  imaginary  components i n  
the t i m e  domain r e s u l t e d  i n  a s h a r p  "hole"  at 8,192 Hz and i n t e g e r  m u l t i p l e s  
t h e r e o f .  The s h a k e r  impulse  r e s p o n s e  was sampled and t r ans fo rmed  w i t h  v a r i o u s  
v a l u e s  of t h e  c o n t r o l  p a r a m e t e r s ,  14, R ,  and T .  The r e s u l t s  are summarized as 
f o l l o w s  : 

1) Q u a n t i z a t i o n  e r r o r .  F i g u r e s  22 through 25 i l l u s t r a t e  t h e  e f f e c t  of  inade-  
q u a t e  A I D  c o n v e r t e r  word s i z e .  F i r s t ,  t h e  z e r o  f r equency  components,  
which shou ld  e q u a l  z e r o ,  were l a r g e s t ;  t h e r e f o r e ,  i n  g r e a t e s t  e r r o r  f o r  
t h e  s m a l l  b i t - s i z e  words.  Second , f o r  t h e  smal le r  b i t - s i z e  words , s e r i o u s  
a b e r r a t i o n s  occur  i n  t h e  low-frequency domain. I n  t h e  case of t h e  8 - b i t  
word, t h e s e  a b e r r a t i o n s  c r e a t e d  a notch  a t  30 Hz. T h i s  t y p e  of phenomenon 
w a s  p r e v i o u s l y  expe r i enced  i n  a n a l y z i n g  real impulse  r e sponse  d a t a  from 
a v a i l a b l e  s h a k e r s  ; i t  the rc fo i - e  i -nd ica t ed  good model ing i n  t h i s  e r r o r  
s t u d y .  F i n a l l y ,  the smaller b i t - s i z e  words produced h igh  f r equency  hash  
as p r e v i o u s l y  shown. I t  must be  noted  t h a t  a l though  t h e  h i g h  f r equency  
h a s h ,  produced by q u m t i z a t i o n  e r r o r ,  i s  of r e l a t i v e l y  low a m p l i t u d e ,  i t  
i s  i m p o r t a n t  because  t h e  a c t u a l  t r a n s f e r  f u n c t i o n  of a n  exc i te r  sys t em 
i s  de termined  by r a t i o i n g  two such  F o u r i e r  t r a n s f o r m s  ( o u t p u t  d i v i d e d  by 
i n p u t ) .  
s e r i o u s l y  d e t e r i o r a t e  i n  t h e  h i g h  f requency  domain. 

Sampling r a t e .  
samples  p e r  second.  Both produced e x c e l l e n t  r e s u l t s  o u t  t o  5 kHz. 

S i n c e  b o t h  t r a n s f o r m s  w i l l  c o n t a i n  t h i s  h a s h ,  t h e  r a t i o  w i l l  

1 6  
2) The sampl ing  ra tes  used on t h i s  p u l s e  were 214  and 2 



. .  

-3 
,,? 3 )  Sample r e c o r d  l e n g t h .  The sample r e c o r d  l e n g t h s  used were 2 and 2-l 

Both r e c o r d  l e n g t h s  are s u i t a b l e ,  e x c e p t  t h a t  t h e  2-1  second seconds .  
r e c o r d  l e n g t h  y i e l d e d  a smoother t r a n s f o r m .  

,l 

A d d i t i o n a l  i n v e s t i g a t i o n . - T h e  r e s u l t s  of t h e  above e r r o r - s t u d y  p o i n t  t o  
t h e  problem of  A/D c o n v e r t e r  word s i z e ,  M.  Sampling r a t e ,  R', and sample 
r e c o r d  l e n g t h ,  T ,  a r e  well  d e f i n e d  by t h e  upper  and lower bandwidth r e q u i r e -  
ments ;  i . e . ,  i f  t h e  lower f requency  requi rement  i s  2 Hz, t h e n  t h e  sample 
r e c o r d  l e n g t h  must b e  of t h e  i n v e r s e  of 2 Hz ( 0 . 5  second)  ; a l s o ,  i f  t h e  
upper  f requency  is  5,000 IIz, t h e  sampl ing  r a t e ,  R ,  s h o u l d  b e  a t  l eas t  214 
( 1 6 , 3 8 4 )  samples  p e r  second and p r e f e r a b l y  f o u r  t i m e s  t h e  upper  f r e q u e n c y  
o r  20,000 samples / second.  
u s i n g  a l a r g e  word-size ( 1 4  b i t s  p l u s  s i g n )  a n a l o g - t o - d i g i t a l  c o n v e r t e r .  
S i n c e  10 b i t  p l u s  s i g n  c o n v e r t e r s  are common and less expens ive  t h a n  1 4  b i t  
p l u s  s i g n  c o n v e r t e r s ,  t h e  p o s s i b i l i t y  of r e d u c i n g  t h e  r e s u l t i n g  q u a n t i z a t i o n  
e r r o r  th rough s o f t w a r e  t e c h n i q u e s  was i n v e s t i g a t e d  

The q u a n t i z a t i o n  e r r o r  problem can b e  s o l v e d  by 

S i n c e  i t  w a s  e s t a b l i s h e d  t h a t  most A/D c o n v e r t e r s  u s e  a chop r o u t i n e  i n  
t h e  d e c i s i o n  making p r o c e s s ,  a s  opposed t o  a rounding  r o u t i n e ,  a b i a s  could  
t h e r e f o r e  b e  p l a c e d  on t h e  r e s u l t i n g  d i g i t a l  d a t a .  This  i s  e s p e c i a l l y  t r u e  
when t h e  r o u t i n e  chops toward e i t h e r  f u l l  scale v a l u e .  I n  t h e  e r r o r  s t u d y ,  
t h e  s i m u l a t e d  p r o c e s s  chopped toward t h e  n e g a t i v e  f u l l  scale  v a l u e .  It w a s  
reasoned t h a t  i f  t h e  ana log  d a t a  w a s  e v e n l y  o r  un i formly  d i s t r i b u t e d  between 
q u a n t i z a t i o n  leveis ,  t h e n  t h e  b i a s  could  b e  removed by adding  one-half  
q u a n t i z a t i o n  l e v e l  s i z e  o r  one-half b i t  t o  each d a t a  v a l u e  ( s y n t h e t i c  z e r o s  
added t o  t h e  p u l s e  d a t a  would n o t  3e a f f e c t e d ) .  

S p e c i a l  s o f t w a r e ,  termed Unbias R o u t i n e ,  w a s  g e n e r a t e d  and a p p l i e d  t o  
t h e  second and t h i r d  p u l s e s  of t h e  e r r o r  s t u d y .  The p a r a m e t r i c  v a l u e s  were: 

M = 8, 10 ,  1 2 ,  and 1 4  b i t s ;  

R = 214  samples / second;  

T = 2 seconds .  
-1 

F i g u r e s  26 and 2 7  ( t r a n s f o r m s  of t h e  Shaker  Impulse Response) ,  and 
F i g u r e  2 8  ( t r a n s f o r m s  of Modif ied S t e p  Delay P u l s e )  i l l u s t r a t e  t h e  e f f e c t i v e -  
n e s s  of t h e  Unbias R o u t i n e .  Note how e f f e c t i v e l y  t h e  Unbias Rout ine  draws 
t h e  computed t r a n s f o r m  i n t o  agreement w i t h  t h e  t h e o r e t i c a l  t r a n s f o r m  i n  t h e  
low-f requency domain. Also , n o t e  t h e  d r m a t i c  r e d u c t i o n  i n  t h e  z e r o  f r e q u e n c y  
(d .c . )  component ( t h e c r e t i c a l l y  i t  s h o u l d  b e  e q u a l  t o  z e r o ) .  A l s o  review 
F i g u r e  6 .  F i n a l l y ,  n o t e  t h a t  t h e  Unbias Rout ine  i n  no way reduced t h e  h igh-  
f requency  hash t h a t  r e s u l t s  from i n a d e q u a t e  word s i z e .  From t h i s  t h e  fo l low-  
i n g  c o n c l u s i o n  i s  drawn. The Unbias Rout ine  w i l l  h e l p  reduce  t h e  e f f e c t  of 
q u a n t i z a t i o n  e r r o r s  i n  t h e  low-frequency domain o n l y .  It does n o t  h e l p  t h e  
q u a n t i z a t i o n  e r r o r  induced high-frequency h a s h .  T h e r e f o r e ,  i n a d e q u a t e  word 
s i z e  w i l l  l i m i t  t h e  e f f e c t i v e  bandwidth over  which a t r a n s f o r m  may b e  d e f i n e d .  
Consequent ly ,  a bandwith o v e r  which a t r a n s f e r  f u n c t i o n  ( r a t i o  of  two t r a n s -  
forms) can  b e  a c c u r a t e l y  d e f i n e d  is  a l s o  l i m i t e d .  
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-I Noise.-The problem of e r r o r s  b e i n g  i n t r o d u c e d  i n t o  t h e  F o u r i e r  t r a n s f o r m ,  
due t o  n o i s e  r i d i n g  on t h e  a c t u a l  d a t a ,  was a l s o  s t u d i e d .  
by adding pseudo-random n o i s e ,  w i t h  a Gauss ian  d i s t r i b u t i o n ,  t o  t h e  s h a k e r  
impulse r e s p o n s e  data .  
100 d i s c r e t e  Levels. 

T h i s  w a s  accomplished 

The d i s t r i b u t i o n  assumed a r a n g e  from -40 t o  4-40 w i t h  

The s h a k e r  impulse  r e s p o n s e  p u l s e  was g e n e r a t e d  f o r  2 , 0 4 8  p o i n t s  e TO 
each of t h e s e  p o i n t s ,  a random number was added. 
d i f f e r e n t  rms n o i s e  levels---82 u n i t s ,  1 6 4  u n i t s ,  and 328 u n i t s ,  

T h i s  w a s  done f o r  t h r e e  

An r m s  l e v e l  of 82 u n i t s  i s  e q u i v a l e n t  t o  0 . 5 %  of t h e  f u l l  scale  of 
16,384 u n i t s .  For a 1 4  b i t  p l u s  s i g n  word s i z e ,  1 u n i t  makes up l - d i g i t a l  
couiit ,  and t h e  m s  n o i s e  l e v e l  i s  82 c o u n t s ;  f o r  a 1 2  b i t  p l u s  s i g n  word s i z e ,  
4 u n i t s  make up l - d i g i t a l  c o u n t ,  and t h e  r m s  n o i s e  l e v e l  i s  20 .5  c o u n t s ;  f o r  
10 b i t  p l u s  s i g n  uord s i z e ,  16 u n i t s  make rap i - d i g i t a l  c o u n t ,  and t h e  r m s  
n o i s e  l e v e l  i s  approximate ly  5 . 1  c o u n t s ;  and f o r  t h e  8 b i t  p l u s  s i g n  word s i z e ,  
6 4  u n i t s  make up 1 - d i g i t a l  c o u n t ,  and t h e  rms n o i s e  l e v e l  i s  approximate ly  1 .3  
c o u n t s  e 

F i g u r e s  29 and 30 i l l u s t r a t e  t h e  F o u r i e r  t r a n s f o r m  r e s u l t i n g  from t h e  
s u p e r p o s i t i o n  of n o i s e [ b l  o n t o  a s i g n a l .  R e f e r r i n g  t o  F i g u r e  2 9 ,  t h e  hash  
i n  t h e  h i g h  f requency  domain is independent  of word s i z e  ( n o t  q u a n t i z a t i o n  
e r r o r )  and i s  c o n s i d e r a b l y  I .a rger  t h a n  t h e  hash  produced by q u a n t i z a t i o n  e r r o r  
( F i g u r e  2 2 ) .  From t h i s ,  i t  i s  assuned t o  b e  t h e  t r a n s f o r m  of t h e  n.oise i t s e l f .  
Again,  t h e  e f f e c t  of d i g i t a l  word s i z e ,  in t h e  A / D  c o n v e r s i o n ,  shows up i n  t h e  
low-freque.ncy domain. The l a r g e r  t h e  word size t r a n s f o r m ,  t h e  c . loser  i s  t h e  
match w i t h  t h e  t h e o r e t i c a l  t r a n s f o r m .  liased on p r e v i o u s  work, i t  i s  assumed 
th.at  the 14 b i t  p l u s  s i g n  word s i z e  transforni i s  e q u a l  t o  t h e  trailsforiri of 
t h e  n o i s e  superimposed onto t h e  t r a n s f o r m  or' t h e  s h a k e r  impulse  r e s p o n s e  
t r a n s f o r m .  F i g u r e  30 i l l u s t r a t e s  t h e  e f f e c t i v e n e s s  of a p p l y i n g  t h e  u n b i a s  
r o u t i n e  t o  t h e  d a t a .  I n  t h i s  f i g u r e ,  t h e  t r a n s f o r m  of t h e  % b i t  word s i z e  
d a t a  with t h e  u n b i a s  r o u t i n e  i s  compared w i t h  t h e  t r a n s f o r m  of t h e  1 4 - b i t  word 
s i z e  d a t a  w i t h o u t  t h e  u n b i a s  r o u t i n e  e 

Two g e n e r a l i z e d  c o n c l u s i o n s  are reached  from t h i s  n o i s e  s t u d y .  F i r s t ,  
t h e  e x i s t a n c e  of n o i s e  on a tirne-domain f u n c t i o n  limits t h e  accuracy  t o  
which t h e  F o u r i e r  t r a n s f o r m  of t h a t  f i i n c t i o n  may b e  computed. When t h e  
n o i s e  i s  t h e  l i m i t i n g  f a c t o r ,  i n c r e a s i n g  t h e  d i g i t a l  word s i z e  w i l l  n o t  h e l p .  
T h i s  s t a t e m e n t  p l a c e s  a c o n s t r a i n t  upon t h e  performance of equipment i n  t h a t  
t h e  s t a t i c - n o i s e  l e v e l  must b e  h e l d  t o  an a b s o l u t e  minimum. It  s u g g e s t e d  
t h a t  t h e  rms l e v e l  of n o i s e ,  a t  t h e  A/D c o n v e r t e r ,  should  b e  l - d i g i t a l  count  
o r  less a Second C l i e  u n b i a s  r o u t i n e  i v p r o v e s  t h e  a c c u r a c y  of t h e  t ransforma-  
t i o n  p r o c e s s  even i n  t h e  p r e s e n c e  of n o i s c .  

[''Only t h e  r e s u l t s  of t h e  82 u n i t s  rms l e v e l  n o i s e  i s  p r e s e n t e d  h e r e .  The 
h i g h e r  n o i s e  l e v e l s  o f f e r  no new in.f o rmat ion .  
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, Exper imcnta l  I n v e s t i g a t i  on w i t h  a T r a n s i e n t  Waveform P r o t o t y p e  C o n t r o l  System 
1 

An on- l ine  p r o t o t y p e  c o n t r o l  sys tem,  cor responding  t o  t h e  " T r a n s i e n t  Wave- 
form C o n t r o l  Logic  Diagram" ( F i g u r e  3) was deveJoped and e v a l u a t e d  i n  t h e  
Environinental  T e s t  Labora tory  of t h e  Aerospace Group, The Boeing Company, 
S e a t t l e ,  Nashington.  The pr imary e lements  of t h e  c o n t r o l  system are con- 
t a i n e d  i n  a d i g i t a l  "Dynamic Data  A n a l y s i s  System Data P r o c e s s i n g "  ( F i g u r e  31) 
s c h e m a t i c  and p i c t u r e d  i n  F i g u r e s  32A and 32B. 

T h i s  d a t a  sys tem p r o v i d e s  da t a  p r o c e s s i n g  s u p p o r t  f o r  v i b r a t i o n ,  a c o u s t i c ,  
and shock tes t  o p e r a t i o n s  and i s  geared  t o  p r o v i d e  a large-volume p r o d u c t i o n  
a n a l y s i s  c a p a b i l i t y  f o r  random and t r a n s i e n t  d a t a .  

The a n a l y s i s  c a p a b i l i t i e s  i n c l u d e  : 

Power s p e c t r a l  d e n s i t y ;  

Cross power spec t r a l  d e n s i t y  ; 

Amplitude p r o b a b i l i t y  d e n s i t y ;  

Amp 1 i t ud e p rob  ab i li t y d i s  t r i b  u t i on ; 

Auto c o r r e l a t i o n ;  

Cross c o r r e l a t i o n ;  

Shock spec t rum;  

F o u r i e r  spec t rum;  

T r a n s f e r  f u n c t i o n s  a 

Conmunication between t h e  v i b r a t i o n  tes t  l a b o r a t o r y  and t h e  computer was 
accomplished w i t h  a remote computer tes t  s t a t i o n  ( F i g u r e s  33A and 33B). The 
computer i s  c o n t r o l  l e d  by t h e  v i b r a t i o n  t e s t  system o p e r a t o r  u s i n g  s i x  thumh- 
wheel  s w i t c h  p o s i t i o n s  on t h e  remote s t a t i o n .  
System S i g n a l  D e f i n i t i o n  and Flow Diagr-an" are  d e f i n e d  by F i g u r e  34. The 
s o f t w a r e  " In te r -Over lay  O p e r a t i o n a l  Logic  Versus Remote Test S t a t i o n  Swi tch  
P o s i t i o n ' '  i s  shown on F i g u r e  35. 

The T r a n s i e n t  Waveform "Cont ro l  

T n e  v i b r a t i o n  t es t  c o n t r o l  c o n s o l e  o p e r a t o r  e x e r c i s e s  complete c o n t r o l  
the t r a n s i e n t  environment i n  t h e  f o l l o w i n g  manner: 

The o p e r a t o r  e s t a b l i s h e s  t h a t  t h e  r e q u i r e d  t r a n s i e n t  waveform i s  r e a l i z -  
a b l e  on t h e  equipment .  T h i s  i m p l i e s  t h a t  t h e  r e q u i r e d  d e f l e c t i o n ,  
v e l o c i t y ,  and a c c e l e r a t i o n  w i l l  n o t  exceed t e s t  equipment l i m i t a t i o n s .  

The o p e r a t o r  e n t e r s  a d i g i t a l  d e s c r i p t i o n  of the r e q u i r e d  waveform i n t o  
t h e  computer v i a  c a r d  r e a d e r  a t  s w i t c h  P o s i t i o n  1. T h i s  d a t a  is  nomi- 
n a l l y  s c a l e d  t o  s l i g h t l y  less t h a n  2.00 v o l t s  maximum. L71 

E71T11e Uynamic Data A n a l y s i s  System h a s  a 2.0 v o l t  maximum l i m i t  a t  t h e  A / D  
c o n v e r t e r  and a t  t h e  D / A  c o n v e r t e r .  
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F i g u r e  32%: SIGMA I 1  COMPUSEK 
RAP I D  ACCESS rwis N E M O R Y  
HI-SPEED TAPE PUIiCH 

HI-SPEED LINE PRINTER 
CARD RFF3E.R 

F j  g u r e  325: DIGITiiI.. MAGNETIC TAPE 
D I G I TAL Si" E CT R UYI A!: Ai., YZ E R 
A N A L O G  Fui:jc-r I OM GENERATOR 
LOCAL l E L E T Y P E ,  D I G I T A L  PLOTTER 

F i g u r e  32: DYNAMIC DATA A N A L Y S I S  SYSTEM 
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Figure 33A: T E S T  STATION FUNCTIOMAL, LAYOUT 

Figure 3 3 ~ :  TEST STATION t o c m m  AT v r w w i - r m  CONTROL CONSOLE 

Fi'gure 33: COMPUTER I N T E R F A C E  1EST STATION 
IN V I B R A T I O N  TEST LABORATORY 
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SIGNAL D E F I N I T I O N  
-Tb--*-- 

f '  ( t ) i  = C a l i b r a t i o n  p u l s e  (computer i n t e r n a l  d e s c r i p t i o n ,  d i g i . t a 1  form) 

f ( t ) i  

f ( t ) o  

f '  ( t)s = S y n t h e s i z e d  s i g n a l  (computer  i n t e r n a l  d e s c r i p t i o n ,  d i g i t a l  form) 

f ( t ) ,  = S y n t h e s i z e d  s i g n a l  as seen by the e x t e r n a l  world 

f '  (t), = Response t o  s y n t h e s i z e d  s i g n a l  ( c o n t r o l  a c c e l e r o m e t e r )  

f ( t ) R  

[61 
= C a l i b r a t i o n  p u l s e  as s e e n  by t h e  e x t e r n a l  wor ld  

= Response t o  c a l i b r a t i o n  p u l s e  

= Required ~ ~ S P O R S ~  f u n c t i o n  from c a r d  r e a d e r  

[ G ] f ( t I i  o r  f ( t ) s  2s produced by p a s s i n g  f'(t) o r  f'(t), through a Dig i ta l - to-  i 

Analog Conver te r  and Lo-Pass F i l t e r ,  



cfr 

SUITCN SHITC!i SWITCH 
I'OSITIVN 2 POSITION 3 POSITION 4 

S14ITCH 
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i 
TEST S'TATIOH 

F-i g u m  35.: INTER-OVERLAY ~ P E ~ ~ T ~ ~ N ~ L  L O G I C  VERSUS TEST STATION SWITCH POSITION 
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Tlie o p e r a t o r  advances t o  s w i t c h  P o s i t i o n  2 ,  a c t i v a t e s  t h e  t e s t  sys t em,  
and est:ib.Lislies t l ic v i b r a t i o n  tes t  conso le  master g a i n  s e t t i n g  f o r  t:he 
c a l i b r a t  !.on p u 1 . s ~  cont ro l .  a c c e l e r o m e t e r  r e s p o n s e .  Tliis s e t t i n g  i s  
olitaine!: by vicwing t h e  peak r e sponse .  Ti ie  o p e r a t o r  p r e s s e s  t h e  ENTER 
b u t t o n  o n  t h e  remote s t a t i o n ,  per i i i i t t ing  the c a l i b r a t i o n  p u l s e  t o  be 
t r a n s m i t t e d  t o  t h e  control.  c o n s o l e  as an i n p u t  s i g n a l .  The c o r r e c t  
nominal l e v e l  i s  normal ly  a t t a i n e d  by t h e  second i t e r a t i o n  of c o n s o l e  
g a i n  ad jus tment  . 
Tlie o p e r a t o r  advances t!ie remote s t a t i o n  c o n t r o l  t o  P o s i t i o n  3 w i t h  
t h e  test s y s t e m  act:i.ve, and a c t u a t e s  t h e  ENTEK b u t t o n .  In t h i s  p o s i t i o n ,  
t h e  c a l i b r a t i o n  p u l s e  e x c i t e s  the sys tem and t h e  computer ,  v i a  A / D  con- 
v e r t e r s ,  i . n t e r r o g a i e s  the c a l  i l i r a t i o n  and r e sponse  t i m e  h i s t o r i e s  and 
f rom them develops t h e  s y x  t e rn  t r a n s  Ter r 'unc t ion .  Tl ie  computer then goes 
on t o  conpute  t h e  sy:i t i icsized s i g n a l .  I t  then r e t u r n s  c o n t r o l  t o  t h e  
o p e r a t o r  v i a  a w a i t i n g  l i g h t  on the remote test s t a t i o n ,  

The o p e r a t o r  advances the c o n t r o l  t o  P o s i t i o n  4 .  T h i s  p o s i t i o n  e n a b l e s  
t h e  operator t o  look a t  the s y n t h e s i z e d  v o l t  age t i m e  h i s t o r y  t o  e v a l u a t e  
its p r o b a b i l i t y  of s y n t h e s i z i n g  rlie c o r r e c t  waveform ( i * e , ,  i s  i t  
c l i p p e d  i n  t ra r i s rn iss ion ,  does i t  contain an i n i t i a l  o r  f i n a l  s t e p  func-  
t i o n  t l i a t  w i l l  v i o l a t e  ttie i n t e n t  of tlie c a l c u l a t i o n ? )  F o r  example,  
s e e  F i g u r e s  47 and 57. 

r ,  1 he  o p e r a t o r  advarices tlie remote t es t  stal;i.on control to Posi.t:ion 5 f o r  
t h e  actiial. t e s t .  Tile t es t  s y s t e m  i.s a c t i v e  tit t!ie previous. ly  e s t a b l i s h e d  
master g a i n  s e t t i n g  and tlie ENTEX bu t  t o n  is  r r c : t i v a t e d .  T h e  synt1;esized 
s i . gna l  i s  t r a n s m i t t e d  t o  tlie c o n t r o l  conso lc  t o  prociucc the r e q u i r e d  
wavef or12 a t  t h e  r i i sponse  location. T h e  i-e;po:kse waveform i s  irioiii cored  
by t h e  computer a n d  s u b s e q u e n t l y  ana lyzed  riild p lo t t : cd  in t h e  ti.ilic domain 
and f requcncy d o i x ~  n 

The o p e r a t o r  o p t i o n s  t o  advance t o  P o s i t i o n  6 t o  e x i t  the program ( t e s t i n g  
comple t e ) ,  o r  t o  r e t u r n  t o  I'osj t i o n  1 o r  2 f o r  f u r t h e r  t e s t i n g .  

T h e  p r o t o t y p e  c o n t r o l  system c h a r a c t e r i s t i c s  d u r i n g  t h e  e v a l u a t i o n  were: 

Analog t o  d i g i t a l  c u n v e r t e r  word s i z e  equal t o  10 b i t  plus s i g n ;  

Sampling r a t e  of  23,1100 samplcs / second ( i - . e . ,  4 -da ta  p o i n t s  for t h e  
h i g h e s t  f requency  oi' i n t e r i > s  t )  : 

A n t i a l i a s i n g  f i  I t t a r s  i n  f r o n t  of tlie h / D  c o n v e r t e r s  (6-pole  B u t t e r w o r t h ,  
low-pass  (5  1iI-l~) .) 

The waveforms s c l c c t c d  f o r  this experiment. were d e r i v e d  from the TAT/ 
Agena-D launch  vehicle (OGO-I) spaccci-af t) ( 7 )  and were cons ide red  t y p i c a l  
of s t a g i n g  t r a n s i e n t s  e l i g i b l e  f o r  s i m u l a t i o n  on l a b o r a t o r y  tes t  a p p a r a t u s .  

-- 
[8l'I'AT i s  Thrus t  AugmcnLed Thor/Agena-1) Launch Veh ic l e  and OGO-D i s  O r b i t i n g  

Geophys i ca1 Ob s erv :ii- o ry 
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l'he p r o t o t y p e  c o n t r o l  sys tem i n c l u d e d  many p r i n t  and p l o t  o p t i o n s  t h a t  
were used d u r i n g  t h e  development of t h e  d i g i t a l  program. A complete  s e t  (15  
plots) a re  i n c l u d e d  f o r  one  t r a n s i e n t  s i m u l a t i o n  PL 20 a t  T + 2 3 4 . 5 ,  Agena + 
x x , i -bra t ion ,  wliich was a v i b r a t o r y  1-csponse t o  shroud e j e c t i o n .  The second 
t r a n s i e n t  t o  be s i m u l a t e d  was PI, 30 a t  T -k 2 3 4 . 5 ,  Agena f x a c c e l e r a t i o n .  
The exper iment  was conducted on a L i n g  249 ( 3 0 , 0 0 0  f o r c e  pound) v i b r a t o r  
d r i v e n  by a Lirrg PP 1 2 0 / 1 5 0  lcva a m p l i f i e r .  
p l a t e .  

'1 

The test  specimen was a 450  pound 

A s t a t i s t i c a l  a n a l y s i s  of t h e  synthes lz .ed  OGO-D f l i g h t  da ta (7 '  t h a t  had a 
t i m e  domain e r r o r  v a r i a n c c  of  l e s s  than  13% i s  g iven  i n  Appendix 111. 

The e x p e r i m e n t a l  d a t a ,  d e r i v e d  from t h e  d i g i t a l  c o n t r o l  sys t em p l o t  
o p t  i ons  a r c  : 

1) A t ime h i s t o r y  p l o t  of t h e  test sys t em c a l i b r a t i o n  p u l s e  ( F i g u r e  3 6 ) ;  

2 )  The F o u r i e r  t r a n s f o r m  niodulus O C  the c a l i b r a t i o n  p u l s e  ( F i g u r e  3 7 )  ; 

3) T h e  phase spec t rum of t h e  c a l i b r a t i o n  p u l s e  ( F i g u r e  3 8 ) ;  

4 )  The t i m e  h i s t o r y  of t h e  t es t  s y s t e m  c o n t r o l  acce le romete r  r e s p o n s e  t o  
t h e  c a l i b r a t i o n  pulse ( F i g u r e  '39) ; 

5) The Four i eu  t r ans fo rm modulus of t h e  c o n t r o l  accc lero inc ter  c a l i b r a t i o n  
r e s p o n s e  ( F i g u r e  4cJj (Note i i i n i  this respars?  approximates  t h e  I T ~ O ~ ~ U L U S  
of t h e  t r a n s f c r  f u n c t i o n ,  H(,,) ~ cS thr. system. li'hc vibr.3tioi-i co~isolc? 
ope ra to r  ~ 0 1 2 1  il v i  c w  t Iii :, i>I 61 as the i ' ~ -p t~n  1 cop' '  r e sponse  o f  h i s  sy.c;tem.) ; 

6 )  The phase  spec t rum O T  Lhe tes t  sys tem c a l i b r a t i o n  r e sponse  ( F i g u r e  4 1 )  ; 

7 )  The f requency  domain p l o t  of the tes t  sys tem i n v e r s e  t r a n s f e r  f u n c t i o n  
modulus ( F i g u r e  4 2 )  ; 

8) The f r equency  domain p l o t  of t h e  t es t  sys tem i n v e r s e  t r a n s f e r  f u n c t i o n  
phase spec t rum ( F i g u r e  4 3 )  ; 

9 )  A t i m e  h i s t o r y  p l o t  of t h e  r e q u i r e d  waveform t o  be  c o n t r o l l e d  a t  t h e  
t es t  specimen ( F i g u r e  4 4 )  ; 

10) The F o u r i e r  t ransforn:  modulus of: t h e  requirecl  waveform ( F i g u r e  4 5 )  ; 

11) The phase  spec t rum of  the requi-red waveform ( F i g u r e  4 6 )  ; 

Note t h a t  d u r i n g  t h e  o p c r a i i o n  oE t h e  c o n t r o l  sys tem ( F i g u r e s  3 6 ,  3 7 ,  3 5 ,  
4 4 ,  4 5 ,  and 4 6 )  p J 3 f - s  a re  azvai1,ible to t h e  t e s t  c o n s o l e  o p e r a t o r  i n  switch 
P o s i t i o n  1 b e f o r e  e s t a b l i s i i i i i g  tile c a l i b r a t i o n  l e v e l  i n  s w i t c h  P o s i t i o n  2 .  

1 2 )  A t i m e  h i s t o r y  of t h e  s y n t h e s i : c d  i n p u t  v o l t a g e  t o  t h e  t es t  system 
( F i g u r e  4 7 ) ;  

1 3 )  A t i m e  h i s t o r y  p l o t  of t h e  s y n t h e s i z e d  t r a n s i e n t  waveform ( F i g u r e  4 8 ) ;  

1 4 )  The Fouri-er  t r a n s f o r m  modulus of t h e  s y n t h e s i z e d  t r a r i s i e n t  waveform 
( F i g u r e  4 9 )  ; 
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1.5) The p h a s e  spec t rum of t h c  s y n t h e s i z e d  t r a n s i e n t  waveform ( F i g u r e  50 ) .  

l!ie i i d e i i t y  of  the s y n t l i c s i s  c a n  b e  judged  by comp:iring: 
h 

1) 'I imc cloiiiain ( F i g u r c  4 4  w i t i i  F i g u r e  4 8 )  ; 

2 )  F o u r i e r  t r a n s f o r m  r;iodui.us ( F i g u r e  45  w i t h  F i g u r e  43) ; 

3) Phase spec t rum ( F i g u r e  46 w i t h  F i g u r e  SQ). 

As p r e v i o u s l y  ncjted, t h i s  d a t a  ccinfains an e r ro r  i n  t h e  low f requency  domain 
caused by q u a n t i z i n g  e r r o r a  T l ) i s  d a t a  is  t h e  r e s u l t  o f  t h e  i n i t i a l  a t t e m p t  a t  
t r a n s i e n t  waveform c c n t r o l .  The (lata from a second experi icent  i n c o r p o r a t i n g  
$rime of  the t-echniques dc?vel.oped i n  t h i s  s t i idy ;  ( i .@e.  ~ r e d u c t i o n  of t e s t  sys tem 
ntii se  I opt.iiili zed d a t a  transmiss ion)  are p r e s e n t e d  i n  F ig t i res  1 - R  and 111-1. 

To v e r i f y  t h e  o p e r a t i o n a l  c h a r a c t e r i s t i c s  of t h e  c o n t r o l  system , the 
master g a i n  c o n t r o l  a t  t h e  t e s t  console w a s  a d j u s t e d  f o r  a 33-J./3X i n c r e a s e  
i n  t h e  s m p L i t u d e  of t h e  r e q u i r e d  wnvcform. L:sing t h e  smic t i m e  h i s t o r y  
i l l t i s t r a L e d  i n  F i g u r e  4 7  ~ the  s y n t h e s i z e d  tr:iiir;iGnt waveforn is comple te ly  
deCiii:icl by Figure:; .5.L, 5 2 ,  and 53. 'Uts tlata. is includc>d t o  p r o v i d e  a n  
e m p i r i c a l  i n s i g h t  i n t o  t h e  a d v e r s e  e f f  ects  of  t e s t  sys t i?i!l  iionl i nea r i .  t ies . 

The s y n t h e s i z e d  waveform ~ J I  F i g u r e  48  has c h a r a c t e r i s t i c  peaks of 3-27.5 6's 
and -26 .5  g ' s .  With tlic 33-1/32 i n c r e a s e  i n  t h e  master gaLn s e t t i n g ,  t h e  c o r r e -  
spondin; pcalis i n c r e a s e  t o  37 g's and -35 g i s  f o r  r e s p e c t i v e  i n c r e a s e s  of 34-1/22 
and 327;. T i i j s  d a t a  s!~ows t h a t  the sys tem i c  v e r y  n e a r l y  l i n e a r  ( s e e  Page 114, 

) ll>lc-r,l jnn22-i r ' c s : ' )  ~ 

f igu r t . _ s  54 th rough 60 re la te  t i l e  results of a p p l y i n g  waveform c o n t r o l  to 
a t r c i n s i e u t  w i t i t  knovn d.c. c o n t e n t ,  The F o u r i e r  t r a n s f o r m  modulus ~ F' ( ( . )n  
(Fi .gurd 59), of tile s y n ~ h e s i z e c !  t r a n s i e n t  waveform, f ' ( t j ~  (Fi.gure 58) d i d  
n o t  fiizt<:.!1 t l i e  Fouri.cir t rnr isform r , lndu lus ,  F ( I - > ~  ( F i g u r e  55)  , of t h e  r e q u i r e d  
t r a n s i e n t  waveforin, f ( t ) R  (1:i.gurc 54) ., because  trhe syntliesFzec! i n p u t  v o l t a g e ,  
f ( t ) ,  ( F i g u r e  57), d i d  n o t  s t a r t  (first d a t a  p o i n t )  a t  or n e a r  z e r o .  Conse- 
q u e n t l y ,  a .large step f u n c t i o n  was i n h e r e n t  i n  t h e  s y n t h e s i z e d  i n p u t  v o l t a g e ,  
€ ( t j s ,  The s y s t e m s '  r e s p o n s e ,  f ' ( t > , ,  t o  tlie s y n t h e s i z d  i n p u t ,  f ( t I s ,  w i t h  
superimposed s t e p  f u n c t i o n ,  was R s u p e r p o s i t i o n  o f  t h e  r e q u i r e d  t r a n s i e n t  
i\7avcform, f ( t ) R ,  and tile sys tem s t e p  f u n c t i o n  response. T h i s  i s  c l e a r l y  
i d e n t i f i e d  by  observ ixg  t h e  1ii:;li frcqueiicy s p e c t r a ,  a!>ove SO0 l I z ,  i n  F i g u r e s  
40 and 59 .  Kote tlie s i m i l a r i t y  o f  form. T h i s  i s  due t o  t h e  sys tem "ri .nging." 
F i g u r e  55 r e p r e s e n t s  tile r e q u i r e d  tr.uisforrn. T h e r e f o r e ,  F i g u r e  59 r e p r e s e n t s  
' t h e  s u p e r p o s i t i o n  of F i g u r e s  40 and 5.5. T i i i s  i l l u s t r a t e s  t h e  impor tance  of 
e n s u r i n g  t h a t  l a r g e  ::iscontinu i t ies : J t  t,, d o  n o t  occur .  WFth tlic s t e p  f u n c t i o n  
removed, iin i.mproved waveform conti-oL i s  i . l l u s t ~ a t c d  i n  Appendix I1 1 . 

'Iliis p r o t o t y p e  t r a n s i e n t  wzvt.ioirn c o n t r o l  sys tem,  uspd on a n  clLectro- 
magnet ic  t e s t  system, i s  c u r r e n t l y  i n  u s e  for t h e  s u c c e s s f u l  conducL of shock 
t e s t  r e q u i r e m e n t s  p e r  > l Z L  STL) $1013 s p e c i f i c a t i o n .  An example of t h i s  t y p e  of  
waveform r n n t r o l  is  sliown i n  F i g u r e  2 .  
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Figure 36: TEST SYSTEM CALIBRATION PULSE, f ( t )d  
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Figure 39: TRANSIENT CALIBRATION OUTPUT, T ( t ) o  
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Fs’gure 45: REQUIRED TRANSIENT WAVEFORM, FOURIER TRANSFORM MODULUS, F ( w ) ~  
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Figure 47: SYNTHESIZED INPUT VOLTAGE, f(t)S 
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Figure 52: SYNTHESIZED TRANSIENT WAVEFORM, FOURIER TRANSFORM MODULUS, F '  
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F igu re  55: REQUIRED TRANSIEldT ~~~~E~~~~~~ FOURIER TRANSFORM MODULUS, F ( o ) ~  
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F igu re  59: SYNTHESIZED TRANSIENT WAVEFORM, FOURIER ~ R A ~ S F O R ~  MODULUS, F '  ( h ) ) R  





C o n t r o l  System E m p i r i c a l  E r r o r  Study i 
The o b j e c t i v e  of f h e  e r r o r  scudy i s  t o  p r o v i d e  a model of t h e  c o n t r o l  

system f o r  e s t i m a t i n g  t h e  bound on r e p r o d u c i b i l i t y  of t h e  r e q u i r e d  t r a n s i e n t  
waveform on t y p i c a l  l a b o r a t o r y  t e s t  a p p a r a t u s ,  I d e n t i f i c a t i o n ,  i s o l a t i o n ,  and 
e v a l u a t i o n  of e r r o r  s o u r c e s  are s e m i e m p i r i c a l .  
p r o p e r  framework f o r  t h e  e x p e c t e d  e r r o r  bound are developed i n  Appendix I ,  
"Error  A n a l y s i s  of  a T r a n s i e n t  WaveEorm C o n t r o l  System. 
t h a t  t h e  background n o i s e  c o u l d  b e  r e p r e s e n t e d  by a s t a t i o n a r y  s t o c h a s t i c  pro-  
cess,  is  i n  e r r o r  a s  demonst ra ted  w i t h  p r a c t i c a l  e x p e r i e n c e  exper iment ing  w i t h  
t h e  p r o t o t y p e  c o n t r o l  system. 

I n i t i a l  e f f o r t s  t o  o b t a i n  t h e  

Its Sasic  assumpt ion ,  

O p t i m i z a t i o n  of this t y p e  of c o n t r o l  sys tem demands e x p l i c i t  a t t e n t i o n  t o  
e v e r y  s o u r c e  of p o t e n t i a l  n o i s e  i n  b o t h  t h e  t es t  sys tem and t h e  media of  d a t a  
p r o c e s s i n g ,  Background m a t e r i a l  f o r  t h i s  s t u d y  i s  d e r i v e d  from t h e  s p e c i a l i z e d  
knowledge of s i g n a l  t h e o r y  p r a c t i c e d  by t h e  coniniunication e n g i n e e r  (1) ( 2 )  ( 4 )  (8) * 

The major  e r r o r  s o u r c e s ;  c o n s i d e r i n g  t es t  equipment ,  measurement, and d a t a  
p r o c e s s i n g  t e c h n i q u e s  are:  

1) V i b r a t i o n  test  sys tem n o i s e ;  

2) T e s t  s y s  tern n o n l i n e a r i t y  ; 

3 )  Data a l i a s i n g ;  

\ 
1 4 )  Data T r u n c a t i o n ;  

5) Data i n t e r p o l a t i o n ;  

6)  Data q u a n t i z a t i o n .  

These e r r o r  s o u r c e s  are d i s c u s s e d  as follows' ,  t o g e t h e r  w i t h  e m p i r i c a l  
r e s u l t s  , d i r e c t i n g  t h e  s t r u c t u r e  of a n  a p p l i c a b l e  e r r o r  model. 

1) V i b r a t i o n  test  sys tem e r r o r .  T h i s  e r r o r  i s  caused by a t ime-var ian t  
response  of t h e  sys tem,  due t o  n o i s e .  The c h a r a c t e r i s t i c s  of t y p i c a l  tes t  
sys tem n o i s e  w a s  measured and e s t i m a t e d  by F o u r i e r  t r a n s f o r m i n g  a 400 msec 
sample (2 ,5  Hz r e s o l u t i o n ) ,  B a s e l i n e  d a t a  f o r  t h i s  experiment  were d e r i v e d  
from swept-s ine e x c i t a t i o n  of a v i b r a t i o n  t e s t  sys tem.  The r e s p o n s e  of t h e  
sys tem i s  shown i n  F i g u r e  61. T h i s  n o i s e ,  e q u i v a l e n t  t o  0 . 1  G rms, measured 
a t  t h e  c o n t r o l  a c c e l e r o m e t e r ,  and i t s  s p e c t r a l  r e p r e s e n t a t i o n  are shown i n  
F i g u r e s  62 and 63,  The c h a r a c t e r i s t i c s  cannot  h e  r e p r z s e n t e d  by a s t o c h a s -  
t i c  p r o c e s s ;  t h e  energy  i n  t h e  t i m e  domain i s  predominate ly  60 Hz and 
harmonics .  The e r r o r  s o u r c e  i s  r e a d i l y  t e s t e d  by s e q u e n t i a l l y  i n p u l s i n g  
t h e  v i b r a t i o n  tes t  sys tem a t  v a r i o u s  power l e v e l s  and e v a l u a t i n g  t h e  d i f -  
f e r e n c e  i n  t h e  n o i s e - e r r o r  term. 
response ,  F i g u r e s  65,  6 7 ,  and 6 9 ,  demonst ra te  t h a c  as t h e  a c c e l e r a t i o n  
ampl i tude  i s  i n c r e a s e d ,  t h e  n o i s e  e r r o r  c o n t r i b u t e s  a smaller p e r c e n t a g e  
of t h e  t o t a l  energy .  Corresponding time h i s t o r i e s  of sys tem r e s p o n s e  are 
shown i n  F i g u r e s  6 4  66 ,  and 68 e Improving s i g n a l - t o - n o i s e  r a t i o  w i l l  

The F o u r i e r  t r a n s f o r m s  of  t h e  impulse  

J i.mprove t h e  accuracy  and r e s o l u t i o n  of t h e  s y n t h e s i z e d  waveform, f r  ( t ) R .  



The a c c e l e r a t i o n  n o i s e  f l o o r ,  measured by t h e  c o n t r o l  a c c e l e r o m e t e r ,  i s  a 
I f  t h e  measure of  t h e  r e s o l u t i o n  e r r o r  i n  t h e  s y n t h e s i z e d  waveforin, f '  ( t ) R .  

n o i s e  i s  c o n s i d e r e d  as a s i g n a l  and nonrandom, an expec ted  error-bound can be  
d e f i n e d .  The e r r o r  a t t r i b u t a b l e  t o  t h e  v i b r a t i o n  t es t  sys tem n o i s e  i s  e q u a l  t o  
t h e  peak-to-peak v a l u e  of t h e  s y s ~ e m  n o i s e .  I n  t h i s  case ( F i g u r e  62), 50.25 g 
peak ,  where in ,  t h e  b e s t  r e s o l u t i o n  o b t a i n a b l e  w i l l  be  - +0.25 g peak.  The r e so -  
l u t i o n  may be  b e t t e r  t h a n  t h i s  i f  t h e  e r r o r  terms ( i s e . 5  c o n s i d e r i n g  n o i s e  as a 
s i g n a l  and examining t h e  s p e c t r a l  d i s t r i b u t i o n  of t h i s  s i g n a l  ( F i g u r e  63) are 
n o t  c r i t i c a l  i n  d e f i n i n g  t h e  t e s t  sys t em t r a n s f e r  f u n c t i o n ,  H(w). 

The t ime- i -nvar ian t  r e sponse  of  t h e  v i b r a t i o n  systein w i l l  n o t  c o n t r i b u t e  
to an e r r o r  term, Any invar iax i t  r e sponse  i s  c a l c u l a t e d  as p a r t  of  t h e  t es t  
s y s t e m  t r a n s f e r  f u n c t i o n ,  H ( w ) .  

2 )  Test sys tem n o n l i n e a r i t i e s .  T h i s  e r r o r  s o u r c e  i s  t h e  s u b j e c t  of a s e p a r a t e  
I 

s tudy  element. 
magnet ic  tes t  equipment t h a t  i s  c h a r a c t e r i z e d  by mild n o n l i n e a r i t i e s  s i m i -  
l a r  t o  G.S.F.C. t es t  sys tems.  The e r r o r s  i n  t h e  F o u r i e r  t r a n s f o r m  of  a 
n o n l i n e a r  t i m e  f u n c t i o n  occur s  a t  a r e l a t i v e l y  low ampl i tude  and a t  f r e -  
quenc ie s  g r e a t e r  t h a n  4 kHz. 

T r a n s i e n t w a v e f o r m  c o n t r o l  h a s  been demonst ra ted  on e l e c t r o -  

3 )  AI-iasing e r r o r .  _- The e r r o r  t e r m  r e s u l t i n g  frorr: f o l d i n g  of a l l  f requency  
c o n t e n t  above one-half  the samp1i.n f requency  of t h e  d i s c r e t e  F o u r i e r  
t r a n s f o r m  i n t o  lower  f r e q u e n c i e s  (8k 

I n  t h i s  a n a l y s i s ,  a s i g n a l ,  f ( t )  i s  bandl.j.mited such  t h a t  

B '  F(w) = 0 for: I - w I  > -w 

I f  t h i s  s i g n a l  i s  sampled a t  a r a t e  twice t h e  b a n d l i m i t  f r equency ,  w a 
spec t rum,  F(iii), i s  gene ra t ed  as shown. Note t h e  g e n e r a t i o n  o f  p e r i o d i c  
components c e n t e r e d  about  t h e  sampl ing  f r equency ,  +w . These components 
must b e  removed by lowpass  f i l t e r i n g .  
For w = 2 w  t h e  r e q u i r e d  f i l t e r  i s  n o t  p h y s i c a l l y  r e a l i z e a b l e .  

B: 

The f i l t e r  z h g r a c t e r i s t i c  i s  h(o). 

S €3 

0 +w B --w 
S 

--w 
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I f  t h e  sampl ing  f r equency ,  w i s  less than  twice t h e  bandwidth,  w an 
o v e r l a p  i n  spectra  o c c u r s  i n  t h e  h i g h e r  f r e q u e n c i e s  as shown. S ’  E’  

-\/H- 

a 
a 

I 
I 
I 

I 
I ------+-- 

S 
w B 0 w 

I3 -w --US 

Sampling f r e q u e n c i e s  € o r  t h e  T r a n s i e n t  Waveform Con t ro l  Sys t e m  should  b e  
a t  l ea s t  f o u r  t i m e s  t h e  b a n d l i m i t ,  w The maximum sarnpling speed  i s  l i m i t e d  
by t h e  nurnber o f  d a t a  p o i n t s  the computer i s  capab le  of s t o r i n g  and manipu- 
l a t i n g  a t  any one t i m e .  The ba i id l in i i t ,  5 kWz, wi l l .  d i c r a t e  a sampl ing  f r e -  
quency o f  a t  l eas t  20 lcl-12. B y  i n c r e a s i n g  t h e  sampl ing  Erequency, t h e  ab rup t -  
c u t o f f  f i l t e r  bandpass  c h a r a c t e r i s t i c ,  A(w) % can  b e  r e l a x e d  as shown. 

I3 ‘ 

S 
w B w 0 B w 

S 
-w 

Applying t -h is  l o g i c ,  a s q u a r e  p u l s e  was  ana lyzed .  Th i s  can  be  cons ide red  
a w o r s t  case, on b a s t s  of  r i se  t im i n p u t  t o  t h e  T r a n s i e n t  Waveform C o n t r o l  
System, F i g u r e  70 S ~ O ~ J S  t h e  time h i s t o r y  o f  t h i s  p u l s e ,  and F i g u r e  7 1  shows 
t h e  modulus of  t h e  F o u r i e r  t r a n s f o r m  of  t h i s  p u l s e ,  The u n a l i a s e d  F o u r i e r  
t r a n s f o r m  of  a s q u a r e  p u l s e  w i l i  decay a t  3 s l o p e  of  -1. The d e v i a t i o n  
from -1 s l o p e ,  shown i n  t h e  crarisform of F igu re  71, i s  a measure of a l i a s i n g  
e r r o r .  

The T r a n s i e n t  ‘i4avcr‘orn CoiItrol  System upper b a n d l i m i t  i s  s p e c i f i e d  a t  5 kHz. 
The t r a n s i e n t  c a l i b r a t i o n  i n p u t  
p u t ,  f(r){,’ were sampled a t  20 kI!z samples p e r  second,  
t heo ry  o u t l i n e d  above ,  a 6-pole  Ba t t e rwor th  f i l t e r  was chosen t o  r edace  t h e  
energy  c o n t e n t  of t h e  F o u r i e r  spec t rum by 36 db a t  10  kHz. The f i l t e r e d  
s q u a r e  p u l s e  i s  shown i n  F i g u r e  72 and t h e  F o u r i e r  spec t rum i n  F i g u r e  73. 

f ( t ) i  and t h e  t r a n s i e n t  c a l i b r a t i o n  ou t -  
With t h e  sampl ing  
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The h i g h  sampl ing  r a t e  and low-pass f i l t e r  have reduced tlic a l i a s i n g  e r r o r  
t o  an  unmeasurable l e v e l .  'The low-pass  f i l t e r  h a s  a l s o  reduced t h e  energy  
3 db a t  5 Ictfz. 'Uli is  energy  l o s s  w i l l  n o t  a f f e c t  the d e f i n i t i o n  of  t h e  t r a n s f e r  
f u n c t i o n ,  H f w ) ,  i f  i d e n t i c a l  low-pass f i l t e r s  are  used t o  f i l t e r  trhe t r a n s i e n t  
c a l i b r a t i o n  i n p u t  I f ( t )  i ~ and t h e  t r a n s i e n t  c a l i b r a t i o n  o u t p u t ,  f ( t>o .  
t r a n s f e r  f u n c t i o n  is  t h e  r a t i o  o f  the F o u r i e r  t r a n s f o r m  of f ( t ) ,  and t h e  F o u r i e r  
t r ans fo rm of f ( t ) i .  
i s  computed. 
n o t  c o n t r i b u t e  t o  the  e r r o r  model. 

i 

T h e  

The low-pass f i l t e r  c h a r a c t e r i s t i c s  c a n c e l  when t h i s  r a t i o  
t h e  a l i a s i n g  e r r o r  wi 11 Ni th  p r o p e r  s i g n a l  p r o c e s s i n g  t echn iques  

The sampl ing  r a t e  f o r  a 5 ldlz bandwidth shou ld  be a t  l ea s t  20 kIlz. T h e  
l o w - p a s s - a n t i a l i a s i n g  f i l t e r  shou ld  have  a c o r n e r  f requency  a t  5 Icl-lz and an 
a t t e n u a t i o n  s l o p e  of a t  l e a s t  16  db p e r  o c t a v e .  T h i s  wil l  reduce  t h e  a l i a s i n g  
term to 1 .06% of i t ' s  u n f i l t e r e d  v a l u e .  

4 )  T r u n c a t i o n  e r r o r .  The o p e r a t i o n  of t r a n s i e n t  waveform c o n t r o l  r e q u i r e s  -- 
t h a t  t h e  t r a n s i e n t  i n p u t  c a l i b r a t i o n  s i g n a l ,  fit) i ;  t h e  t r a n s i e n t  ou tpu t  
c . a l i b r a t i o n ,  f ( t ) o ;  and t h e  r e q u i r e d  r e sponse  f u n c t i o n ,  f ( t )  m u s t  each 
be  d e s c r i b e d  by  an  e q u a l  number of d a t a  po in t . s ,  N. The sampl ing  i n t e r v a l ,  
A c 7  and t h e  s a m p l e  r e c o r d  l e n g t h  must a l s o  be  equal.  f o r  a l l  p u l s e s .  Obvi- 
o u s l y ,  t h i s  w i l l  n o t  occu r  n a t u r a l l y  and some adjus tment  must be  made. 
For  example,  f ( t ) i  w i l l  e s s e n t i a l l y  go t o  z e r o  i n  5 msec, f ( t ) , ,  will go 
t o  z e r o  w i t h i n  approximate ly  20 t o  60 msec, and f ( t ) R  may end t i r e  f o r  
200 msec. 
180 msec (70% t o  90%) w i l l  be  res idua l .  sys tem noise and w i l l  s e r i o u s l y  
a f f e c t  t h e  coniputat ion of t h e  sys tem t r a n s f e r  f u n c t i o n ,  H ( w ) .  The solu- 
t i o n  t o  t h i s  problem i s  t o  i n c o r p o r a t e  i n t o  t h e  computer software a t run -  
c a t i o n  pa rame te r ,  T ,  f o r  t h e  i n p u t  c a l i b r a t i o n  s i g l i a l ,  f ( t ) i ,  and f o r  t h e  
o u t p u t  c a l i b r a t i o n  response,  f ( t )  o. 'Chis t r u n c a t i o n  parariieter i~s d e f i n e d  
as t h a t  point:  i n  t i m e .  a f t e r  which al.1. r e c o r d  d a t a  i s  t o  b e  r e p l a c e d  by 
z e r o s  u n t i l  t h e  r e q u i r e d  sample r e c o r d  l e n g t h ,  T ,  i s  ach ieved .  Si.nce tlie 
i n p u t  c a l i b r a t i o n  s igna l . ,  € ( t ) i ,  i s  g e n e r a l l y  f i x e d ,  s o  i s  i t ' s  t r u n c a t i o n  
pa rame te r .  The sys t em o u t p u t  response  func - t ion ,  f ( t ) , ,  i s  no t  f i x e d  and 
as s u c h ,  i t ' s  t r u n c a t i o n  pa rame te r  m u s t  be  v a r i a b l e .  T m u s t  be de te rmined  
by o b s e r v i n g  f ( t ) ,  and e s t i n a t i n g  i t s  p rope r  v a l u e .  
de te rmined  b y  o b s c r v i n g  t h e  envelope  of  t h e  r e sponse  decay and d e c i d i n g  
where f ( t ) ,  approaches  z e r o  and on ly  r e s i d u a l  n o i s e  c o n t i n u e s .  

I f  f ( t ) o  i s  recorded  f o r  t h e  f u l l  200 msec, about  IS0 t o  

The estimate i s  

I n  p r a c t i c e ,  on ly  I f o r  f ( t ) ,  must b e  e s t i m a t e d ;  Itowever, i f  r i s  t o o  
s h o r t ,  f ( t > ,  w i l l  be  t r u n c a t e d ,  i t s  F o u r i e r  t r a n s f o r m  w i l l  b e  i n  e r r o r ,  and t h e  
r e s u l t i n g  sys tem t r a n s f e r  f u n c t i o n  w i l l  be  i n  e r r o r ,  Converse ly ,  i f  7 js t o o  
long ,  t o o  much n o i s e  ene rgy  w i l l  be  ana lyzed ,  and t h e  sys tem t r a n s f e r  f u n c t i o n  
will become n o i s y  - 

Another  restllt of t o o  l ong  a t r u n c a t i o n  l e l lg th  i s  wrap around e r r o r  (2) . 
The r e q u i r e d  wavefcrm, f ( t j R ,  i s  convolvc~d w i t h  t h e  i n v e r s e  of  t h e  sys tem 
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;i 
impulse r e s p o n s e  f u n c t i o n ,  l / h ( t )  ''I e 

s i g n i f i c a n t  wrap around e r r o r  i f  t h e  r e q u i r e d  waveform, f ( t ) R ,  i s  q u i t e  l o n g  
i n  time r e l a t i v e  t o  t h e  t i m e  d u r a t i o n  of t h e  impulse r e s p o n s e  f u n c t i o n ,  h ( t ) .  
Wrap around e r r o r  can b e  e l i m i n a t e d  by e n s u r i n g  t h a t  enough z e r o  ampl i tude  
d a t a  p o i n t s  a r e  added, such  t h a t  t h e i r  number exceeds t h e  number.of d a t a  p o i n t s  
i n  t h e  r e q u i r e d  waveform, f ( t ) , .  

T h i s  c y c l i c  c o n v o l u t i o n  may g e n e r a t e  

Convolu t ion(4)  d e s c r i b e s  t h e  a c t i o n  o f  a p h y s i c a l  sys tem a s  i t  t a k e s  a 
weighted average  of some p h y s i c a l  q u a n t i t y  about  a s m a l l  range of some v a r i a b l e .  
Thus t h e  i n t e g r a l  

-m 

f (XI = J f (X-t)h( t )  d t  
--m 

0 

d e s c r i b e s  t h e  p r o c e s s  f o r  cont inuous  d a t a .  The i n p u t  func t i -on  i s  f ( t )  and h ( t )  
i s  t h e  impulse r e s p o n s e  f u n c t i o n .  The f u n c t i o n  f(X) i s  t h e  sys tem r e s p o n s e  t o  
t h e  i n p u t  f ( t )  . 0 

For a g r a p h i c  example of  c o n v o l u t i o n , '  c o n s i d e r  t h e  i n p u t  f u n c t i o n ,  f ( t ) ,  
t o  b e  a s t e p p e d  e x p o n e n t i a l  decay f u n c t i o n .  Convolve t h i s  i n p u t  f u n c t i o n  w i t h  
an  impulse response  f u n c t i o n  h ( t ) ,  a r b i t r a r i l y  a r e c t a n g l e  f u n c t i o n .  L e t  +; 
s y m b o l i c a l l y  d e n o t e  c o n v o l u t i o n .  Then, 

.' ..__ 

Note t h a t  i n  Equat ion  25 ,  t h e  i n p u t  f u n c t i o n  i s  r e v e r s e d  b e f o r e  t h e  m u l t i p l i c a -  
t i o n  and i n t e g r a t i o n  t a k e  p l a c e .  

The c o n v o l u t i o n  p r o c e s s  f o r  d i s c r e - e  d a t a  i s  p e r i o d i c  i n  time arid i s  c a l l e d  
c y c l i c  c o n v o l u t i o n .  C y c l i c  c o n v o l u t i o n k 2 )  can b e  d e s c r i b e d  by t h e  suimatior i  

[ 9 ]  The F o u r i e r  t r a n s f o r m  of t h e  system impulse  response, h ( t ) ,  is  e q u a l  t o  the 
sys t em t r ans fe r  f u n c t i m ,  H ( u ) ,  
i n p u t ,  f ( t ) i  3 6(t), an impulse  f u n c t i o n  t h e  t r a n s i e n t  c a l i b r a t i o n  o u t -  
p u t i  f ( t ) o  + h ( t )  , t h e  sys tem impulse r e s p o n s e ,  

ThereEoyS as the t rans ien t  ca l ib ra t ion  
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n=N 

n=-N 
f(XAt) = A t  C f (XAt-nAt)h(XAt) a 

C y c l i c  c o n v o l u t i o n  can b e  unders tood  by r e f e r r i n g  t o  t h e  f o l l o w i n g  diagram. 

I d e a l l y ,  p u l s e  A i s  convolved w i t h  p u l s e  C ,  b u t  n o t e  t h a t  as A i s  con- 
volved  w i t h  C ,  p u l s e  B i s  o v e r l a p p i n g  t h e  end of  p u l s e  C and i s  s i m u l t a n e o u s l y  
convolved w i t h  p u l s e  C. T h i s  o v e r l a p ,  o r  wrap around,  can b e  avoided by t run-  
c a t i n g  t h e  sequences  t o  some l e n g t h ,  T ,  less t h a n  T and adding  n z e r o s ,  such  
t h a t  T-t-n z e r o s  = T ,  as shown below. 
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1 The e f E e c t  o f  v a r y i n g  v a l u e s  o f  t h e  t r u n c a t i o n  pa rame te r ,  T~ was empir- 
ical1.y t e s t e d  by s e q u e n t i a l l y  i n p u t t i n g  a cal i b r a t i o n  pcllse t o  t h e  v i b r a t i o n  
sys t em and c a l c u l a c i n g  t h e  sys tem t r a n s f e r  f u n c t i o n ,  H(w). 

The c a l i b r a t i o n  o u t p u t ,  f ( t ) ,  ( F i g u r e  7 4 ) ,  was t r u n c a t e d  t o  350 d a t a  
p o i n t s  (17.5 msec) o u t  of a t o t a l  of 4,096 d a t a  p o i n t s  (187.3 msec) . Note  t h e  
poor  d e f i n i t i o n  o f  t h e  t r a n s i e n t  c a l i b r a t i o n  o u t p u t ,  f ( t ) ,  ( F i g u r e  75) below 
100 Hz, Thus, t h e  t r u n c a t i o n  t i m e ,  -t i s  t o o  s h o r t .  

The t r u n c a t i o n  t i m e  vas t h e n  i n c r e a s e d  t o  800 d a t a  p o i n t s  ( 4 0  msec) o u t  of  
4 , 0 9 6  d a t a  p o i n t s  (187.3 msec) .  Again,  t r u n c a t i o n  e r r o r  i s  e v i d e n t  and t h e  
d e f i n i t i o n  of t h e  c a l i b r a t i o n  o u t p u t ,  f ( t ) , ,  i s  poor  ( F i g u r e s  76 and 77) .  

F i g u r e s  78 2nd 79 r e p r e s e n t  a f u r t h e r  improvement* The t r u n c a t i o n  t i m e ,  
T ,  i s  2,048 d a t a  p o i n t s  (102 .4  msec). The d e f i n i t i o n  of t h e  c a l i b r a t i o n  o u t p u t ,  
f ( t ) , ,  i s  a d e q u a t e ,  e x c e p t  f o r  a b e r r a t i o n s  below 40 Hz which a r e  a t t r i b u t a b l e  t o  
q u a n t i - z a t i o n  e r r o r ,  and enough z e r o  ampl i tude  d a t a  p o i n t s  have been  added t o  
accommodate a iO0 msec r e q u i r e d  waveform, f ( t ) R 9 '  withou'c w r a p  around e r r o r .  

The f i n a l  test i n  t h i s  sequence  was t o  i e t  'i: e q u a l  t h e  t o t a l  d a t a  I.ength 
(no t r u n c a t i o n ) .  The r e s u l t s  are  shown i n  F i g u r e s  80 and 81. A n  u n d e s i r a b l e  
i n c r e a s e  i n  t h e  d , c .  term a i d  i n  t h e  n o i s e  ( 6 0  Hz and harmonics)  term i s  ev i -  
d e n t .  I n  c o n c l u s i o n ,  t h e  t r a n s i e n t  c a l i b r a t i o n  p u l s e s ,  f ( t )  i f  much s h o s t e r  
i n  t i m e  d u r a c i o n  t h a ~  t h e  r e s p o n s e ,  ( f ( t ) o )  E w i l l  n o t  g e n e r a t e  s i g n i f i c a n t  
wrap around e r r o r .  I n  a d d i t i o n ,  t h e  t e s t  sys t em no i se  c o n t r i b u t e s  a much 
l a r g e r  e r r o r  term i n  d e f i n i n g  t h e  t r a n s f e r  f u n c t i o n ,  H ( w >  
around e f f e c t $  

t h a n  does t h e  wrap 

5 )  I n t e r p o l a t i o n  e r r o r ,  The s y n t h e s i z e d  s i g n a l ,  f '  ( t )  c a l c u l a t e d  by t h e  
S 9  __--_-____ 

T r a n s i e n t  Waveform Cont ro l  System i s  conve r t ed  t o  an  ana log  s i g n a l  b e f o r e  
i t  can  be  used by t h e  v i b r a t i o n  sys tem.  A d i g i t a l - t o - a n a l o g  c o n v e r t e r  
produces  v o l t a g e  s t e p s  of  c o n s t a n t  ampl i tude  between sampl ing  p o i n t s  The 
i n p u t  s i g n a l ,  f (t), 
s i g n a l ,  'This t y p e  o f  co i lvers ion  can  induce :  

i s  a s t e p - f u n c t i o n  i n t e r p o l a n t  of t h e  i d e a l  con t inuous  

a )  Rapid ly  v a r y i n g  t r a n s i e n t s  ( i  e e t h o s e  which c o n t a j  n h i g h  f re- 
quency) t h a t  can be d i s t o r t e d  by the s t e p - f u n c t i o n  i n t e r p o l a n t  
( t h i s  i n t e r p o l a t i o n  e r r o r  i s  p r o p o r t i o n a l  t o  t h e  s l o p e  of t h e  
r e q u i r e d  waveforin) ; 

b) D i s c o n t i i i u i t i e s  i n  t h e  s t e p - f u n c t i o n ,  tliat produce h igh  f requency  
n o i s e  i n  t h e  v i b r a r i o n  tes t  system. 

The method G E  ninimj:<ing t h e s e  e r r o r  s o u r c e s  i s  t o  low-pass f i l t e r  t h e  
s t e p  f u n c t i o n  i n t e r p o l s n t ( 7 1  d i r e c t l y  a f t e r  t h e  d i g i t a l - t o - a n a l o g  conver- 
s i o n  p r o c e s s  * Ezrperi::;cntation w i t h  t h e  p r o t o t y p e  c o n t r o l  sys t em 
deterni ined t h i s  s o u r c e  of e r r o r  t o  be  secondary .  

6) Q u a n t i z a r i o n  e r r o r .  T h i s  t y p e  of  e r r o r  i s  t h e  r e s u l t  o f  t h e  n o n l i n e a r  ---___ 
p r o c e s s  of c o n v e r t i n g  con t inuous  a n a l o g  d a t a  i n t o  d a t a  p o i n t s  a t  d i s c r e t e  
quan t i zed  leve ls  e As an example c o n s i d e r  a s y m m e t r i c a l - t r i a n g u l a r  func- 
t i o n  i n  tin:e, f ( t )  a s  i l l u s t r a t e d  as follows. 



I f  this f u n c t i o n ,  f ( t ) ,  w e r e  q u a n t i z e d  by means of a chopping r o u t i n e  i n t o  
Q q u a n t i z e d  l e v e l s  from z e r o  t o  K ,  t h e  funcc ior ,  fq(rr) r e s u l t s  ( f q ( t )  i s  shown 
as a con t inuous  f u n c t i o n  t o  e l i m i n a t e  samplii ig ra te  e r r o r s  (lee., t h e  sampljng 
i n t e r v a l  approaches  z e r o ) .  The F o u r i e r  t ra r rs fonn  o f  f ( t )  i s  

1.x 
2 

E'((,)) = --- 
i 

and t h e  F o u r i e r  t r a n s f o r m  cf f q ( t )  i s  

Where K = peak ampl i tude  of t r i a n g u l a r  f u n c t i o n ;  

T = p u l s e  d u r a t i o n ;  

Q = number of q u a n t i z a t i o n  l e v e l s  from z e r o  to K; 

w = . r a d i a n  f r equency ;  

n = an  i n t e g e r .  

(27) 

T h e r e f o r e ,  t h e  g e n e r a l i z e d  e r r o r  i n  t h e  f r equency  domain due t o  q u a n t i z -  
i n g  a symmet r i ca l  t r i a n g u l a r  pulse, f ( t ) ,  i n t o  a q u a n t i z e d  f u n c t i o n ,  € q ( t ) ,  . i s  
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. ,  

i , f o r  t h e  s i t u a t i o n  where,  

I< = 5 ,  Q = 5, T = 10 

the e r r o r  f u n c t i o n  i s  as i l l u s t r a t e d  as f o l l o w s :  
6 

Fe (w) 

-2 + FREQ w 

Q__P____ 

FREQ w 

The p r e c e d i n g  graph  i l - l u s t r a t e s  l a r g e  a b e r r a t i o n s  i n  t h e  low f requency  
domaic; t h e r e f o r e ,  i t  g e n e r a l l y  a g r e e s  w i t h  t h e  r e s u l t s  i n  t h e  ' ' Four i e r  Izite- 
g r a l  Transform E r r o r  Study" S e c t i o n  of  t l i i s  r e p o r t .  

>I 
i T h i s  e r r o r  s o u r c e  w a s  a l s o  s t u d i e d  i n  d e t a i l  and t h e  r e s u l t s  are r e p o r t e d  

i n  t h e  "Four i e r  I n t e g r a l  Transform E r r o r  Study" S e c t i o n .  That  s t u d y  i n d i  c a t e d  
t h e  need f o r  l a r g e  word s i z e  conve r s ions  ( T e e e 3  1 4  b i t s  p l u s  s i g n ) ,  F u r t h e r ,  
i t  demonst ra ted  t h e  need f o r  an u n b i a s i n g  r o u t i n e  t o  r educe  t h e  low f requency  
e r r o r s  g e n e r a t e d  i n  t h e  F o u r i e r  t r ans fo rms  o f  q u a n t i z e d  d a t a ,  due t o  t h e  b i a s  
imposed by t h e  q u a n t i z a r i o n  method. 

E r r o r  model,-The e m p i r i c a l  e r r o r  model i n c o r p o r a t e s  s i x  s o u r c e s  of e r r o r  
( F i g u r e  82). The model i d e n t i f i e s  and l o c a t e s  each  e r r o r  i n  t h e  s i g n a l  f low 
p a t h s  of  t h e  c o n t r o l  sys tem,  and i s  f u r t h e r  developed i n  Appendix I. 

Bound. on r e p r o d u c i b i l i t ~ 7  ---Lf -Any e r r o r  s o u r c e  d e f i n e d  p r e v i o u s l y  can  c o n t r i -  
b u t e  an e r r o r  t e r m ,  such  t h a t  t h e  r e q u i r e d  waveform cannot  3e reproduced.  
S p e c i a l  d a t a  p r o c e s s i n g  t echn iques  p r e v i o u s l y  o u t l i n e d  w i l l  r educe  quan t i za -  
t i o n  e r r o r ,  a l i a s i n g  e r r o r ,  t r u n c a t i o n  e r r o r ,  and i n t e r p o l a t i o n  e r r o r  t o  a 
n e g l i g i b l e  level .  N o n l i n e a r i t y  e r r o r  f o r  el .ec.tromagnetic v i b r a t i o n  sys tems 
of  NASA Goddard i s  s m a l l  and cons ide red  n o t  s e r i o u s  ( s e e  "Non l inea r i ty"  
S e c t i o n ) ,  

The major S Q U X C ~  a f  e r ror ,  the. v i b r a t i a n  ystcm response  e r r o r ,  is due t o  
system noise, The system no i se  f l o o r  w i l l  e s t a b l i s h  t h e  upper-bound on t h e  
r e p r o d u c i b i l i t y  of t h e  requi red  s i g n a l ,  

A s t a t i s t i c a l  d e s c r i p t i o n  of t h e  bound on expected performance c h a r a c t e r -  
i s t i c s  of the proposed sys t em i s  p r e s e n t e d  i n  Appendix IEIC, The 0G0-B f l i g h t  
d a t a ,  ( 7 )  s u b j e c t  of e x p e r i m e n t a l  i n v e s t i g a t i o n  i n  t h i s  t r a n s i e n t  waveform 
c o n t r o l  f e a s i b i l i t y  s t u d y ,  e x h i b i t e d  a time-domain v a r i a n c e  of less t h a n  13%. 
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Equipment L i m i t  a t  i o n s  

(9 )  The u s e  of an  e l ec t rodynamic  v i b r a t o r  f o r  t r a n s i e n t  waveform c o n t r o l  
(lo) i s  s u b j e c t  t o  l i m i t a t i o n s  imposed by: (1) t h e  mechanica l  conf igu ra -  
t i o n  of t h e  s h a k e r ;  ( 2 )  t h e  c a p a b i l i t y  of t h e  d r i v i n g  power a m p l i f i e r ;  and ( 3 )  
t h e  n a t u r e  of t h e  t r a n s i e n t  waveform t o  b e  s y n t h e s i z e d .  

To avo id  damaging the arrnature  of  t h e  s h a k e r ,  t h e  v e l o c i t y  a t  t h e  end vf 
t h e  t o t a l  t r a n s i e n t  a c c e l e r a t i o n  must b e  z e r o .  Because of t h i s  r equ i r emen t ,  i t  
may b e  n e c e s s a r y  t o  add an  a c c e l e r a t i o n  t r a n s i e n t  of  t h e  o p p o s i t e  p o l a r i t y  t o  
t h a t  of t h e  o r i g i n a l  p u l s e .  An a p p l i c a t i o n  of t h i s  requi rement  ( F i g u r e  2 )  
shows a r e c t a n g u l a r  shaped d e c e l e r a t i o n  t r a n s i e n t  ( w i t h i n  t h e  s p e c i f i c a t i o n  
t o l e r a n c e )  added t o  meet t h i s  r equ i r emen t .  

The t o t a l  d i sp l acemen t  of t h e  a rma tu re  must b e  w i t h i n  t h e  d i sp lacemen t  
l i m i t a t i o n  of t h e  v i b r a t o r .  The peak a c c e l e r a t i o n  of  t h e  t r a n s i e n t  waveform 
must n o t  exceed t h e  a c c e l e r a t i o n  l i m i t  of  t h e  v i b r a t o r  a rma tu re .  The e x p e r i -  
men ta t ion  w i t h  t h e  p r o t o t y p e  c o n t r o l  system o p e r a t e d  w i t h i n  t h e s e  c o n d i t i o n s .  
It is  f e a s i b l e  t h a t  e i t h e r  e l e c t r i c a l  o r  mechanica l  b i a s i n g  of t h e  a rma tu re  
b e  used t o  a l t e r  t h e  v i b r a t o r ' s  s t a t e d  d e f l e c t i o n  l i m i t a t i o n s .  Another  
p o s s i b i l i t y  i s  t o  d e s i g n  t h e  r e q u i r e d  t r a n s i e n t  waveform w i t h  a very- long  
a c c e l e r a t i o n  p u l s e  of low magnitude b e f o r e  t h e  r e q u i r e d  t r a n s i e n t  waveform, 
f ( t ) p  t o  mechan ica l ly  b i a s  t h e  a rma tu re .  The a c t u a l  a rma tu re  d e f l e c t i o n  
a v a i l a b l e  can always be  r e l a t e d  t o  s p e c i m e n / f i x t u r e  weight  and t h e  s p e c i f i e d  
s p r i n g  r a t e  of  t h e  a rma tu re  f l e x u r e s .  

The l i n i i t a t i a n s  imposed by t h e  p m c r  a m p l i f i e r  a re  as foll.ows. 

1) The d e s i g n  of t h e  h i g h  v o l t a g e  power supp ly  de t e rmines  t h e  maximum t i m e  
d u r a t i o n  a v a i l a b l e  f o r  t h e  t r a n s i e n t  rcraveform. 

2 )  The f requency  r e s p o n s e  of t h e  a m p l i f i e r  de t e rmines  t h e  v i b r a t o r ' s  a b i l i t y  
t o  r ep roduce  complex h igh  f r equency  c o n t e n t  waveforms. 

3) The f o r c e  c a p a b i l i t y  i s  l i m i t e d  by t h e  c u r r e n t  c a p a b i l i t y  of t h e  a m p l i f i e r .  

4 )  The f i n a l  o u t p u t  t u b e  p l a t e  v o l t a g e  swing l i m i t s  a rma tu re  v e l o c i t y .  

5) The t r ans fo rn ie r  coup l ing  c h a r a c t e r i s t i c s  l i m i t  t h e  low f requency  c a p a b i l - i t y  
( i l l u s t r a t i o n s  of !ow-frequency l i m i t a t i o n s  a r e  con ta ined  i n  Appendix 11). 

There  i s  a g e n e r a l  r e l u c t a n c e  of equipment manufac tu re r s  t o  s p e c i f y  t h e  
t r a n s i e n t  c a p a b i l i t y  of t h e i r  v i h r a t i  on t e s t  sys tems.  

The t r a n s i e n t  r a t i n g  problem r e l a t e s  t o  t h e  s p c c i f i c  t e s t  system and i t s  
l o a d .  Recogniz ing  t h e  load ( i . e . ,  v i b r a t o r  a r m a t u r e ,  f i x t u r e ,  and specimen) 
cannot  be  cons ide red  as  p u r e l y  r e s i s t i v e  s i n c e  b o t h  r e sonances  and a n t i r e s o -  
nances i n f l u e n c e  t h e  power r equ i r emen t .  F u t u r e  procurement  s p e c i f i c a t i o n s  f o r  
l a b o r a t o r y  equipment ,  d e d i c a t e d  t o  t r a n s i e n t  t e s t i n g ,  sholild be  s u b j e c t  t o  t h e  
f 0 1 lowing cons i d  er a t i o ns . 
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1) i'iic: d e s i g n  of t h e  power a m p l i f i e r  must b e  c a p a b l e  of d r i v i n g  t h e  f i n a l  
o u t p u t  t u b e  p l a t e  l oad  t o  maximum c u r r e n t  o r  maximum v o l t a g e  under  v i b r a -  
t o r  load  c o n d i t i o n s  w i t h o u t  g r i d  c l i p p i n g  o r  s a t u r a t i o n  of t h e  p r e a m p l i f i -  
c a t i o n  s t a g e s .  

2)  The d e s i g n  of t h e  amplif  i e r j v i b r a c o r  coup l ing  t r a n s f o r m e r s  must 
accomodatc a s p e c i f i e d  low f requency  cr i ter ia .  

One a n c i l l a r y  s t e p  i n  t h e  l a b o r a t o r y  s y n t h e s i s  of any waveform i s  o b t a i n -  
i n g  knowledge of i t s  a c c e l e r a t i o n ,  v e l o c i t y ,  and d e f l e c t i o n  c h a r a c t e r i s t i c s  i f  
t h e y  are n o t  s p e c i f i e d .  The c a p a b i l i t y  d e f i n e d  i n  t h e  concep tua l  d e s i g n ,  as a 
r e s u l t  of t h i s  s t u d y ,  could  r e a d i l y  i n t e g r a t e  t h e  r e q u i r e d  waveform, f ( t ) R ,  t o  
p r o v i d e  t h e s e  pa rame te r s .  
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N o n l i n e a r i t i e s  
I 

Background.-The con=.c.pt of t r a n s i e n t  wave fo rm 'con t ro l ,  as  d e f i n e d  i n  this 
r e p o r t ,  i s  based on t h e  t heo ry  of l i n e a r  sys tems.  A l i n e a r  system i s  d e f i n e d  
by t h e  fo l lowing  two p r o p e r t i e s :  t h e  f i r s t  p r o p e r t y  i s  p ropor t iona l .  r e sponse .  
Thus,  i f  an  i n p u t  s i g n a l ,  x ( t ) ,  r e s u l t s  i n  a n  o u t p u t  s i g n a l ,  y ( t ) ;  when .app l i ed  
t o  a sys tem,  then  m u l t i p l i c a t i o n  o f  t h e  i n p u t  s i g n a l  by a c o n s t a n t  "A" r e s u l t s  
i n  a p r o p o r t i o n a t e  change i n  o u t p u t .  

The second p r o p e r t y  i s  s u p e r p o s i t i o n .  Thus,  i f  two s e p a r a t e  i n p u t  s i g n a l s  
x l ( t j  and x 2 ( t ) ,  are  f i r s t  a p p l i e d  t o  t h e  system s e p a r a t e l y  and r e s u l t  i n  sepa-  
r a t e  o u t p u t s ,  y l ( t )  and y 2 ( t ) ,  t h e n ,  i f  t h e  two i n p u t s  a r e  summed, 
( x l ( t )  + x 2 ( t ) ) ,  and a p p l i e d  t o  t he  s y s t e m ,  t h e  o u t p u t  w i l l  be t h e  s u m  of the 
s e p a r a t e  o u t p u t s .  

i 

F u r t h e r ,  i f  a p u r e  s i g n  wave i s  a p p l i e d  

- ( Y j ( t )  + Y2(')) 

t o  the i n p u t  of a l i n e a r  sys tem,  
then  a pure  s i n e  wave \ \ T i 1 1  appear  a t  the o u t p u t .  Any d i s t o r t i o n  i n  t h e  o u t p u t  
wave i s  a n  i n d i c a t i o n  of svstem n o n l i n e a r i t y .  I n  t h e  r e a l  world of e n g i n e e r i n g ,  
sys tems on ly  appros ima te  r h e  qua1 i t y  of Linear iLy and t h a t  i n t r o d u c e s  t h e  f o l - .  
lowing q u e s t i o n .  "Are t h e  e x i s t i n g  v i b r a t i o n  t e s t  sys tems l o c a t e d  i n  Environ-  
menta l  T e s t i n g  L a b o r a t o r i e s  s u f f i c i e n t l y  l i n e a r  t o  m a k e  t r a n s i e n t  waveform con- 
t r o l  f e a s i b l e ? "  To answcr t h a t  q u e s t i o n ,  t h e  fo l lowinq  procedure  was fo l lowed .  

J 
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Procedure.-As a p a r t  o f  t h e  equipment f a m i l i a r i z a t i o n  s e c t i o n  of t h i s  
s t u d y ,  NASA Goddard s u p p l i e d  c e r t a i n  r a w  d a t a  on t h e  performance c h a r a c t e r i s t i c s  
of t h e i r  e l e c t r o m a g n e t i c  and h y d r a u l i c  s h a k e r s ,  T h i s  d a t a  w a s  reduced t o  de- 
f i n e  t h e  l i n e a r i t y  of t h e  shakei- systems.  The n o n l i n e a r i t y  of t h e  L.P.S. 
( h y d r a u l i c )  s h a k e r  w a s  d e f i n e d  [lo] as t h e  magnitude d i f f e r e n c e  between t h e  
o u t p u t  motion and a n  expec ted  s i n e  wave o u t p u t  motion. T h i s  w a s  developed 
from t h e  8 Hz s i n e  dwe l l  d a t a .  
t o  p r o v i d e  v e l o c i t y  and d isp lacement  waveforms, and t h e r e f o r e  s i m i l a r  non- 
l i n e a r i t y  d a t a .  
f i n e d  by p l o t t i n g  t h e  normal ized  magnitudes of t h e  r e s p e c t i v e  i n p u t  and o u t p u t  
s i n e  waves a t  50 Hz and up t o  20 g r m s  a c c e l e r a t i o n  a g a i n s t  each o t h e r .  A E n -  
ear sys tem would y i e l d  a s t r a i g h t  l i n e ,  a t  a s l o p e  of 1.0,  from t h i s  d a t a .  
S i n c e  Boeing h a s  s u c c e s s f u l l y  performed t r a n s i e n t  waveform c o n t r o l  on i t s  Ling 
249/Ling PP-120/150 shake r -ampl i f i e r  combina t ion ,  i t s  l i n e a r i t y  was s i m i l a r l y  
d e f i n e d  f o r  comparison. 
equipment and i n  Appendix I1 compared t o  Boeing ' s  Ling 249/Ling PP-120/150 
system. 

The a c c e l e r a t i o n  waveform was d o u b l e - i n t e g r a t e d  

The n o n l i n e a r i t y  of t h e  e l e c t r o m a g n e t i c  s h a k e r s  [I11 w a s  de- 

D i s t o r t i o n  measurements w e r e  a l s o  made on NASA Goddard 

S ince  t h e  T r a n s i e n t  Waveform C o n t r o l  System t echn ique  r e l i e s  upon t h e  com- 
p u t a t i o n  of an  a c c u r a t e  system t r a n s f e r  f u n c t i o n ,  t h e  e f f e c t  of n o n l i n e a r i t i e s  
on t h e  t r a n s f e r  f u n c t i o n  d e f i n i t i o n  w a s  s t u d i e d .  
a known p u l s e  by t h e  d e f i n e d  sys tcm n o n l i n e a r i t i e s ;  t h e n  computing t h e  F o u r i e r  
t r a n s f o r m  of t h e  modi f ied  d a t a ;  and t h e n  comparing t h a t  t r a n s f o r m  w i t h  t h e  
t h e o r e t i c a l  t r a n s f o r m  of t h e  known p u l s e .  

Th i s  w a s  done by modifying[121 

F i g u r e s  83 ,  85 ,  and 87 r e p r e s e n t  t h e  a c c e l e r a t i o n ,  v e l o c i t y ,  and d i s p l a c e -  
) ment n o n l i n e a r i t y  f u n c t i o n s  of t h e  L.P.S. h y d r a u l i c  shakes .  The modi f ied  s t e p -  

decay p u l s e  used i n  t h e  F o u r i e r  t r ans fo rm e r r o r  s t u d y  ( F i g u r e  11)  w a s  modi f ied  
by each  of t h e s e  n o n l i n e a r i t i e s  and t h e n  F o u r i e r  t r ans fo rmed .  F i g u r e s  8 4 ,  86,  
and 88  show t h e  r e s u l t i n g  t r a n s f o r m s .  A v i s u a l  comparison of t h e  t r ans fo rm 
( F i g u r e  84) w i t h  t h e  t h e o r e t i c a l  t r a n s f o r m  ( F i g u r e  12 )  shows t h e  v a s t  e r r o r s  
g e n e r a t e d  by t h e s e  n o n l i n e a r i t i e s .  

91 

Based upon t h e  above c u r s o r y  s t u d y ,  i t  i s  concluded t h a t  t r a n s i e n t  wave- 
fohn  c o n t r o l  i s  n o t  f e a s i b l e  on t h e  L.P.S. h y d r a u l i c  s h a k e r  i n  i t s  p r e s e n t  
c o n d i t i o n .  

F i g u r e s  89 ,  91,  and 93  r e p r e s e n t  t h e  a c c e l e r a t i o n  n o n l i n e a r i t y  f u n c t i o n s  
of t h e  MB C210/14B 5140 sys tem ( F i g u r e  8 9 ) ;  MB C125/MB 996A system ( F i g u r e  91) 
a t  NASA Goddard; and t h e  Ling 249/Ling PP120/150 sys tem ( F i g u r e  93) a t  Boeing. 

['01 T h i s  p rocedure  w a s  used s i n c e  t h e  d i s t o r t i o n  w a s  s o  l a r g e  t h a t  a conven- 
t i o n a l  t e c h n i q u e ,  harmonic a n a l y s i s ,  d i d  n o t  seem r e a s o n a b l e .  

['11 FlB C210/MB 5140 and MB C125/MB 9968. *Only t h e s e  were ana lyzed  s i n c e  d i s -  
t o r t i o n  d a t a  i n d i c a t e d  s i m i l a r i t y  w i t h  t h e  o t h e r  systexris. 

'I2] D i g i t a l  word s i z e ,  sampl ing  ra te ,  and sampled r e c o r d  l e n g t h  were s u f f i c i e n t l y  
l a r g e  s o  as n o t  t o  i n t r o d u c e  s i g n i f i c a n t  e r r o r s .  
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The s h a k e r  impulse  r e sponse  p u l s e  used i n  t h e  F o u r i e r  t r ans fo rm e r r o r  s t u d y  
(F igu re  20) w a s  modi f ied  by each of t h e  above n o n l i n e a r  f u n c t i o n s  and t h e n  
F o u r i e r  t ransformed.  F i g u r e s  90, 92,  and 94 show t h e  r e s u l t i n g  t r a n s f o r m s .  
A v i s u a l  comparison of t h e  t r ans fo rm w i t h  t h e  t h e o r e t i c a l  t r a n s f o r m  ( F i g u r e  21) 

The 
two NASA Goddard sys tems e x h i b i t e d  more n o n l i n e a r  e r r o r  g e n e r a t i o n  t h a n  d i d  
t h e  Boeing system. 
r e l a t i v e l y  low ampl i tude ,  t h e i r  overall e f f e c t  i s  n o t  s e r i o u s .  
f ac t  t h a t  Boeing h a s  s u c c e s s f u l l y  performed t r a n s i e n t  waveform c o n t r o l  on i t s  
Ling 249/Ling PP120/150 system ( F i g u r e s  2 and 3 ) ,  and s ince  t h e  n o n l i n e a r i t i e s  
of t h e  NASA Goddard sys tems have a s imilar  e f f e c t ,  i t  i s  concluded t h a t  t h e  
NASA Goddard e l e c t r o m a g n e t i c  sys tems have  adequa te  l i n e a r i t y  t o  s u e c e s s f u l l y  
per form t r a n s i e n t  waveform c o n t r c l .  

,&  .. .... .*.. d 

K.xDu, ,,-&.&~$&eateg,. e1ro.r.. g e n e r a t i o n  i n  t h e  h i g h  f requency  domaln ( f r e q  >GkHz)'. 

However, s i n c e  t h e  e r r o r s  on ly  occur  above 4kHz and a t  
Recogniz ing  t h e  
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Figure 86: FOURIER TRANSFORM O F  THE M O D I F I E D  STEP-DELAY P U L S E ,  M O D I F I E D  BY THE 
G.S.F.C.-L.P.S. ACCELERATION - N O N L I N E A R I N  FUNCTION 
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Figure 85: VELOCITY NONLINEARITY FUWCTI ON OF THE 'G.S,F.C,-L.P.S. HYDRAULIC VIBRATOR 
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Figure 86: FOURIER TRAfiSFORM OF THE MODIFIEO STEP-DELAY PULSE, MODIFIED BY THE 
6. S.F.C.-L.P.S. VELOCITY NONLINEARITY FUNCTION 
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Figure 87: DISPLACEMENT NONLINEARITY FUNCTION OF THE G . S . F . C . 4 . P . S .  HYDRAULIC VIBRATOR 
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Figure 88: FOURIER TRANSFORM OF Ttv MODIFIED STEP-DELAY PULSE, MODIFIED BY T H E  
G. S . F. C -L . P S . DI SPLAC':'?ENT NONLINEARITY FUNCTION 
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Figure 89: ACCELERATION NLMEARITY FUNCTIM OF THE MBC210/ 5140 SYSTEM (G.S. f.C,) 
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FOURIER TRANSFORM OF THE SHAKER IMPULSE RESWNSE MODIFIED BY THE 
ACCFLERATION NONLINEARITY FUNCTION OF THE MBC21O/MB5140 SYSTEM 
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Figure 91 : ACCELERATION NONLINEARITY FUNCTION OF THE MBC125/MB996A SYSTEM 
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Figure 92: FOURIER TRANSFORM OF THE SHAKER IMPULSE RESPONSE MODIFIED BY THE 
ACCELERATION NONLINEARITY FUNCTION OF THE lJlBCl25/~~1996A SYSTEM 
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Figure 93: ACCELERATION NONLINEARITY FUNCTION OF THE BOEING-LING 249/LING 
PP-120/150 SYSTEM 
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Figure 94: FOURIER TRANSFORM OF THE SHAKER IMPULSE RESPONSE MODIF IED BY THE 
ACCELERATION NONLINEARITY OF THE BOEING-LING 2 4 9 / t I N G  PP-120/150 SYSTEM 
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Conceptua l  Design of  Con t ro l  System 

A T r a n s i e n t  Waveform C o n t r o l  System, i n  conformance t o  F i g u r e  95, i s  pro- 
posed as a r e s u l t  of t h i s  s t u d y .  
i n t e r - o v e r l a y  o p e r a t i o n a l  l o g i c  comply w i t h  F i g u r e s  34 and 35. 
ponen t s  and t h e i r  minimum requ i r emen t s  f o r  t h e  c o n t r o l  sys tem are as f o l l o w s :  

Bo th"s igna1  f low and i d e n t i f i c a t i o n  and 
I n d i v i d u a l  com- 

1) The d i g i t a l  computer.  The d i g i t a l  computer shou ld  inc lude :  (1) t h e  com- 
p u t e r  c e n t r a l  p r o c e s s i n g  u n i t ;  ( 2 )  t h e  computer c o r e  memory; (3)  t h e  com- 
p u t e r  i n p u t / o u t p u t  (I/O) system; and ( 4 )  t h e  p r i o r i t y  i n t e r r u p t  sys tem.  
It should  be  w e l l  i n t e g r a t e d  w i t h  t h e  o t h e r  system components t o  produce 
a n  o p e r a t i n g  system w i t h  h i g h  o v e r a l l  e f f i c i e n c y  and f l e x i b i l i t y .  

The d i g i t a l  computer shou ld  b e  of advanced d e s i g n  w i t h  a memory.cycle  
t i m e  of approximate ly  1 microsecond and a s imul t aneous  m u l t i p l e  channe l  i n p u t /  
o u t p u t  and compute c a p a b i l i t y .  

The computer 's  i n s t r u c t i o n  set should  i n c l u d e  a hardware m u l t i p l y  and d iv -  
i d e .  
1 6 - b i t  word s i z e  machine may b e  inc luded  provided  t h e  assembler  w i l l  p e r m i t  
100% p a r a m e t r i c  programming w i t h o u t  r ega rd  t o  m u l t i p l e  i n s t r u c t i o n  memory 
a d d r e s s i n g .  

The machine should have a t  least  one g e n e r a l  purpose  index  r e g i s t e r .  A 

The computer system shou ld  i n c l u d e  16 ,384  words of c o r e  memory (8 ,196  
words of i n t e r n a l .  memory where t h e  CPU h a s  p r i o r i t y  and 8 ,190  words of e x t e r n a l  
memory where I / O  t r a n s f e r s  have p r i o r i t y ) .  
i 

All memory opera-  
t i o n s  should  i n c l u d e  t h e  checking  of memory p a r i t y ;  t h e  d e t e c t i o n  of a n  e r r o r  
s h a l l  cause  t h e  o c c u r r e n c e  of t h e  p a r i t y  e r r o r  i n t e r r u p t .  . 

The computer c o r e  memory shou ld  i n c l u d e  a p a r i t y  b i t .  

The computer shou ld  have 1/0 c a p a b i l i t y  such  as: (1) computer 1/0 channe l s ;  
(2) a word p a r a l l e l  I / O  system; and (3 )  d i r e c t  access 1/0 channe l s .  

11 

Six 1/0 channe l s  should  b e  inc luded  i n  t h e  computer.  One channe l  should  

The c a r d  r e a d e r  and h igh  speed paper  t a p e  punch and 
coup le  t h e  r a p i d  access m a s s  memory; t h e  second t h e  l i n e  p r i n t e r ;  and t h e  t h i r d  
t h e  c o n s o l e  t e l e p r i n t e r .  
r e a d e r  should  s h a r e  t h e  f o u r t h  channe l ,  w h i l e  f i v e  and s i x  would b e  ADC channe l s .  
Each channe l  shou ld  b e  independen t ,  and i t  should  b e  p o s s i b l e  t o  o p e r a t e  a l l  s ix  
c h a n n e l s  a t  t h e  szme t i m e .  
Once a n  1/0 o p e r a t i o n  has  been i n i t i a t e d  by t h e  computer ,  t h e  1/0 channe l  shou ld  
per form t h e  b l o c k  t r a n s f e r .  
s i g n a l s  t o  t h e  computer v i a  i n t e r r u p t s .  

Each channe l  shou ld  b e  a u t o m a t i c  i n  o p e r a t i o n .  

The channe l  should  p r o v i d e  s t a t u s  and comple t ion  

The computer 1/0 channe l s  shou ld  b e  s t a n d a r d  d e v i c e s  w i t h  t h e  d i g i t a l  com- 
p u t e r .  The p e r i p h e r a l  d e v i c e s ,  coupled th rough  t h e  computer 1/0 sys tem,  shou ld  
b e  comple te ly  compa t ib l e  w i t h  t h e  compater m a n u f a c t u r e r ' s  s t a n d a r d  s o f t w a r e .  

Each d i r e c t  1/0 channe l  shou ld  b e  independent  and it shou ld  b e  p o s s i b l e  t o  
o p e r a t e  a l l  channe l s  a t  t h e  same t i m e .  Each c h a n n e l . s h o u l d  b e  au tomat i c  i n  
o p e r a t i o n  and be  f u n c t i o n a l l y  e q u i v a l e n t  t o  t h e  p r e v i o u s l y  d e s c r i b e d  computer 
$1'0 channe l s .  The d i r e c t  1/0 sys tem should  access a l l  8 ,196  words of e x t e r n a l  
memory and when t h e  computer is n o t  a d d r e s s i n g  t h e  e x t e r n a l  memory bank,  no 
c y c l e  s t e a l i n g  should  occur .  
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The word p a r a l i e l  1/0 o u t p u t  system should  b e  used f o r  t r a n s f e r s  of one 
word o r  less under  program c o n t r o l .  
o t h e r  1/0 o p e r a t i o n s ,  communicate w i t h , t h e  remote t e l e t y p e s ,  d r i v e  t h e  remote  
and l o c a l  d i g i t a l  p l o t t e r s ,  communicate w i t h  and d r i v e  t h e  d i g i t a l  t o  a n a l o g  
c o n v e r t e r s ,  and b e  used t o  decode m u l t i p u r p o s e  i n t e r r u p t s .  

The word p a r a l l e l  s y s t e m  should  i n i t i a l i z e  

Rapid Access Mass Memory. A r a p i d  access mass memory should  b e  coupled  t o  
t h e  computer t o  p r o v i d e  b u l k  s t o r a g e  f o r  d a t a  and programs. The mass 
memory s h o u l d  p r o v i d e  a minimum s t o r a g e  c a p a b i l i t y  of  500,000 computer 
words w i t h  a n  a v e r a g e  a c c e s s  t i m e  o f  17 .5  m i l l i s e c o n d s .  The b l o c k  t r a n s f e r  
ra te  s h o u l d  b e  no less t h a n  100,000 1 6 - b i t  words/seconds.  C o n t e n t s  of 
t h e  mass memory should  n o t  b e  d e s t r o y e d  by power f a i l u r e .  Blocks of  
s t o r a g e  should  b e  p r o t e c t e d  from i n a d v e r t e n t  d e s t r u c t i o n  by manual w r i t e -  
p r o j e c t  s w i t c h e s .  

Analog- to-Digi ta l  C o n v e r t e r .  Two c h a n n e l s  of a n a l o g - t o - d i g i t a l  c o n v e r s i o n  
w r i t i n g  a 1 4 - b i t  word and sampling a t  20,000 samples  p e r  second.  

Digi ta l - to-Analog C o n v e r t e r .  One channel  of d i g i t a l - t o - a n a l o g  c o n v e r s i o n  
r e a d i n g  a 1 4 - b i t  word a t  20,000 samples  p e r  secbnd.  

D i g i t a l  P l o t t e r ,  A d i g i t a l  p l o t t e r  compat ib le  w i t h  t h e  d i g i t a l  computer.  

L ine  P r i n t e r .  A l i n e  p r i n t e r  c o m p a t i b l e  w i t h  t h e  d i g i t a l  computer.  

T e l e t y p e .  A l o c a l  t e l e t y p e  c o m p a t i b l e  w i t h  t h e  d i g i t a l  computer.  

C a r d  Reader.  A c a r d  r e a d e r  compat ib le  w i t h  t h e  d i g i t a l  computer.  

Low-Pass F i l t e r .  Three  i d e n t i c a l  low-pass f i l t e r s - - - 5 , 0 0 0  Hz 6-pole  
B u t t e r w o r t h .  . 

Data L i n e s  and S i g n a l  C o n d i t i o n i n g  Equipment. Data l i n e s  and s i g n a l  con- 
d i t i o n i n g  equipment a re  i n c l u d e d  as e l e m e n t s  i n  t h i s  c o n c e p t u a l  d e s i g n .  
These e lements ,  by d e f i n i t i o n ,  are  i n c l u d e d  i n  t h e  tes t  sys tem t r a n s f e r  
f u n c t i o n .  S i n c e  t h e  t o t a l  system e r r o r  is a d i r e c t  f u n c t i o n  of s y s t e m  
n o i s e ,  d a t a  l i n e s  and s i g n a l  c o n d i t i o n i n g  equipment must b e  of  h i g h  
q u a l i t y ,  p r o p e r l y  grounded, and s h i e l d e d .  

The f o l l o w i n g  c r i t e r i a  are  a p p l i c a b l e  t o  t h e  d a t a  t r a n s m i s s i o n  network.  
Data d i s t r i b u t i o n  l i n e s  should  b e  Belden 8769, o r  e q u i v a l e n t  ( i . e . ,  t w i s t e d  
s h i e l d e d  p a i r ,  c a p a c i t a n c e  between conductors  less t h a n  0.004 m i c r o f a r a d  
p e r  100 f t ,  w i r e  s i z e  2 2  gauge) .  These l i n e s  should  b e  r u n  through s h i e l d e d  
t r o u g h s  and c o n d u i t s .  The computer i s  normal ly  a s ingle-ended  d e v i c e  and is  
k e p t  i s o l a t e d  from t h e  v i b r a t i o n  t e s t  l a b o r a t o r y  by i n s t r u m e n t a t i o n - q u a l i t y ,  
d i f f e r e n t i a l  a m p l i f i e r s  w i t h  l i n e  d r i v i n g  c a p a b i l i t y .  To o p t i m i z e  s i g n a l - t o -  
n o i s e  r a t i o ,  t h e  l i n e  s i g n a l  level  i s  nominal ly  1 0  v o l t s .  The predominant  
n o i s e  i n  t h i s  t y p e  o f  i n s t a l l a t i o n  is  a f u n c t i o n  of t h e  common-mode r e j e c t i o n  
c a p a b i l i t y  of t h e  a m p l i f i e r s .  

! 
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Computer Interface Test Station. The computer interface test station 
functions as a laboratory communication and control link with the com- 
puter. 
ware seleqtion and software options elected from the conceptual design. 

-.- 

The detail design is contingent upon computer control room hard- 

10 

Cost Estimate of Proposed System 

The following estimate is prepared as a capital item budgetary estimate 
and does not consider the various elements of implementation, such as detail 
design, planning specifications, system responsibility, installation, system 
checlrout and acceptance testing, transportation, and taxes. The system soft- 
ware is a conservative estimate based on out-of-house procurement. 

Digital Computer 

Rapid Access Mass Memory 
Analog-to-Digital Converter (2 channels) 
Digital-to-Analog Converter (1 channel) 
Low-Pass Filters ( 3  required) . . 

Teletype (Local) 
Interface Logib (Analog) 
Software 8 months at $4,00O/month 
Dhta Lines 
Isolation/Line Driving Amplifiers 
Computer Interface Test Station 

16,000 word core 

Op t ions : 

Digital Plotter 
Line Printer 
Card Reader 
Interface Logic 

TOTAL 

$35,000 
30,000 
35,000 

7,000 

3,000 
5,000 
5,000 

2,000 

32 , 000 
2,000 
3 , 200 

500 

$159,700 

$ 6,000 
16 , 000 
8,000 
10,000 

!) 40,000 

$199 , 700 

c 
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CONCLUSIONS AND RECOMMENDAT IONS 

T h i s  s t u d y  r e s u l t e d  i n  t h e  f o l l o w i n g  c o n c l u s i o n s  and recommendations : 

A t r a n s i e n t  waveform c o n t r o l  sys tem was s u c c e s s f u l l y  developed f o r  on - l ine  
u s e  i n  an env i ronmen ta l  l a b o r a t o r y .  
s c r i p t i o n  of t h e  r e q u i r e d  waveform, t h e  c y c l e  t i m e  from test sys tem cali-  
b r a t i o n  t o  t h e  c o n t r o l l e d  waveform w a s  1 6  minu tes ,  i n c l u d i n g  a d i g i t a l  p l o t  
of t h e  s y n t h e s i z e d  i n p u t  v o l t a g e ,  

Because most of t h e  16 minutes  w a s  devoted  t o  producing  t h e  d i g i t a l  p l o t ,  
which i s  used  by t h e  test  equipment o p e r a t o r  t o  de t e rmine  t h e  s u i t a b i l i t y  
of t h e  waveform, an  obvious r e d u c t i o n  i n  c y c l e  t i m e  can b e  ach ieved  through 
t h e  u s e  of an o s c i l l o s c o p e  w i t h  memory f o r  d i s p l a y i n g  t h e  waveform. 
t i o n a l  improvements can b e  made by improving t h e  e f f i c i e n c y  of t h e  s o f t w a r e  
used i n  t h e  program ( th rough  t h e  use  o f  machine language  i n s t e a d  o f  F o r t r a n ,  
f o r  example) .  A c y c l e  tiiiie of 2 minutes  o r  less can b e  achieved .  

Although a f u r t h e r  r e d u c t i o n  of c y c l e  t i m e  might  b e  a t t a i n e d  through tile 
s u b s t i t u t i o n  of a hard-wired  computa t iona l  p r o c e s s  f o r  t h e  s o f t w a r e  r o u t i n e ,  
t h e  expense  of such  a ch:mge is p r o h i b i t i v e  c o n s i d e r i n g  t h e  r e l a t i v e l y  
small  amount of improvement t h a t  would r e s u l t .  

6 

Opera t ing  on a 4,096 d a t a - p o i n t  de- 

Addi- 

L 

Exper imgnta l  r e s u l t s  u s i n g  the p r o t o t y p e  c o n t r o l  sys tem demonst ra ted  c o n t r o l -  
l a b i l i t y  w i t h  a t i m e  domain v a r i a n c e  o f  less t h a n  13%. A 10-bit-word s i z e  
w a s  used  i n  t h i s  system. 
ana log  c o n v e r t e r  word s i z e  of 1 4  b i t s ,  and i t s  a t t e n d a n t  improvement i n  de- 
f i n i n g  t h e  t e s t  sys tem t r a n s f e r  f u n c t i o n ,  w i l l  r educe  t h i s  p e r c e n t a g e .  

The s p e c i f i e d  a n a l o g - t o - d i g i t a l l d i g i t a l - t o -  

S p e c i a l  d a t a  p r o c e s s i n g  p rocedures  were d e f i n e d ,  e v a l u a t e d ,  and t e s t e d .  
They i n c l u d e  : 

a) A n t i a l i a s i n g  f i l t e r s ;  
N 

' b )  Sampling ra te  c r i t e r i a ;  , 1: 

c )  I Sampling l e n g t h  c r i t e r i a ;  

d) D i g i t a l  word s i z e ;  
u 

e) D i g i t a l  d a t a  u n b i a s i n g  ( i . e .  , t h e  unb ias  r o u t i n e  r e d i s t r i b u t e s  t h e  
q u a n t i z e d  d a t a  t o  a uni form d i s t r i b u t i o n  between q u a n t i z a t i o n  l e v e l s ) .  

4 )  A requi rement  w a s  e s t a b l i s h e d  f o r  i n c r e a s e d  s i g n a l  r e s o l u t i o n  on v i b r a t i o n  
test sys t ems .  An order-of-magnitude d e c r e a s e  i n  ambient n o i s e  is  a d i r e c t  
r e s u l t  of t h a t  r equ i r emen t .  
s p e c i f i c a t i o n s  t o  equipment  manufac tu re r s ,  i n c r e a s e d  d f r e c t e d  main tenance  
on test a p p a r a t u s ,  and changes i n  tes t  equipment  cons igned  t o  a t r a n s i e n t  
t e s t i n g  m i s s i o n .  Recommended equipment  changes d i r e c t e d  a t  t h e  r e d u c t i o n  
of sys tem n o i s e  i n c l u d e :  

T h i s  r equ i r emen t  can b e  r e a l i z e d  by t i g h t e r  

a) Driv ing  t h e  e x c i t e r  f i e l d  w i t h  pure d . c . ;  ' 
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5) 

.' 8) 

b)  S u b s t i t u t i o n  of a m p i i f i e r  Lubes hav ing  a minimum ca thode  t o  f i l a m e n t  
l e a k a g e  ; 

Powering a l l  vacuum t u b e  f i l a m e n t s  w i t h  d.c, ;  

S p e c i f y i n g  and m a i n t a i n i n g  t h e  r e g u l a t i o n  on power s u p p l i e s ,  

c) 

d) 
d .  - 

e )  Using d e l t a  wound power t r a n s f o r m e r s  w i t h  t e r t i a r y  windings  t o  rdttce 
t h e  e f f e c t s  o f  l i n e  t r a n s i e n t s .  

A t e c h n i q u e  change t o  d e c r e a s e  t h e  ambient tes t  sys tem n o i s e  c o n s i s t s  o f  
(1) d e c r e a s i n g  t h e  v i b r a t o r  f i e l d  c u r r e n t ,  t h e r e b y  d r i v i n g  more armature 
c u r r e n t  f o r  less f i e l d  c u r r e n t ;  o r  (2) s e l e c t i n g  t h e  o u t p u t  t r a n s f o r m e r  
v o l t a g e  t a p s  s o  t h a t  t h e  maximum vo leage  is  j u s t  s u f f i c i e n t  t o  d r i v e  t h e  
e x c i t e r  t o  t h e  r e q u i r e d  level.  

The e l e c t r o h y d r a u l i c  equipment su rveyed  a t  GSFC is n o t  amenable t o  t r a n s i -  
e n t  waveform c o n t r o l .  Both sys tem n o i s e  l e v e l  and l i n e a r i t y  c h a r a c t e r i s t i c s  
are i n c o m p a t i b l e  w i t h  c o n t r o l  .sy'stem requ i r emen t s .  

The f i d e l i t y  measurement f o r  l a b o r a t o r y  t r a n s i e n t  waveform s y n t h e s i s  re- 
q u i r e s  t i m e  h i s t o r y ,  F o u r i e r  t r a n s f o r m  modulus, and phase  spec t rum rep re -  
s e n t a t i o n s .  An e r r o r  v a r i a n c e  f i g u r e  s h o u l d  b e  i n v e s t i g a t e d  as a t e c h n i q u e  
f o r  s p e c i f y i n g  test f i d e l i t y .  

D e t a i l e d  knowledge of t h e  r e q u i r e d  t r a n s i e n t  i s  fundamenta l  t o  c o r r e c t  
c o n t r o l .  T h i s  r e q u i r e s  t h a t :  

a) The t r a n s i e n t  is w i t h i n  t h e  c a p a b i l i t y  o f  t h e  v i b r a t i o n  equipment ;  

b) The d i g i t a l  d e s c r i p t i o n  of t h e  t r a n s i e n t  i s  w i t h i n  t h e  c a p a b i l i t y  of 
t h e  computa t iona l  equipment ( i . e . ,  s t o r a g e  r equ i r emen t s  f o r  long- 
d u r a t i o n ,  h igh- f requency  t r a n s i e n t s ) .  

The d i g i t a l  computer and l o c a l  t e l e t y p e  r equ i r emen t s  d e f i n e d  i n  t h e  con- 
c e p t u a l  d e s i g n  can b e  s a t i s f i e d  w i t h  e x i s t i n g  GSFC components l o c a t e d  i n  
'a s p e c i a l i z e d  d a t a  a n a l y s i s  and d i s p l a y  sys tem.  
i n c l u d e s  a Var ian  6201 computer and l o c a l  t e l e t y p e .  The n e c e s s a r y  con- 

- p u t e r  o p t i o n s  r e q u i r e d  f o r  t r a n s i e n t  waveform c o n t r o l  are: 

The T i m e / D a t a  100 S y s t e m  

a) Hardware m u l t i p l y  and d i v i d e ;  

b )  E x t e r n a l  memory (8,192 words) w i t h  minor e n g i n e e r i n g  m o d i f i c a t i o n s ;  

c )  Buf fe red  inpu t -ou tpu t  channels  f o r  t h e  a n a l o g - t o - d i g i t a l  c o n v e r t e r s  
and r a p i d  a c c e s s  mass memory. 

A d d i t i o n a l  Recommendations---The f o l l o w i n g  recommendations are t h e  r e s u l t  of 
t h i s  s t u d y .  

1) T h i s  s t u d y  r e l a t e d  t h e  f i d e l i t y  o f  t h e  l a b o r a t o r y  s y n t h e s i z e d  waveform t o  
t h e  c h a r a c t e r i s t i c  n o i s e  f l o o r  o f  t h e  v i b r a t i o n  tes t  sys tem.  The p o s s i -  
b i l i t y  e x i s t s  f o r  t h e  removal of t h e  60-Hi n o i s e  component i f  t h e  t i m i n g  

, of t h e  s y n t h e s i z e d  waveform were c o i n c i d e n t  w i t h  t h e  60-Hz phase  r e l a t i o n -  
s h i p  a t  t h e  t i m e  t h e  c a l i b r a t i o n  p u l s e  w a s  i n i t i a t e d  t o  d e s c r i b e  t h e  t es t  

4 
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sys tem t r a n s f e r  f u n c t i o n .  
t o  deve lop  a method of accompl i sh ing  t h i s  s y n c h r o n i z a t i o n  and e v a l u a t i n g  

Fu tu re  work on t h e  c o n t r o l  sys tem s h o u l d  be  done 

, i t h e  resul ts .  

2) T r a n s i e n t  test  t e c h n i q u e s  shou ld  b e  developed as a p r a i t i c a l  t echnology.  
The p o t e n t i a l  c o s t  s a v i n g s  of accompl ish ing  l a b o r a t o r y  s h o c k - t e s t  r e q u i r e -  
ments on an e l e c t r o m a g n e t i c  v i b r a t o r ,  coupled  w i t h  t h e  use  o f  d i g i t a l  t ech -  
n i q u e s  t o  a n a l y z e  and p r e s e n t  d a t a ,  w i l l  make on - l ine  d i g i t a l  t r a n s i e n t  
test c a p a b i l i t y  a t t r a c t i v e  t o  many segments  of t h e  t e s t i n g  i n d u s t r y .  .The 
d i s t r i b u t i o n  of t r a n s i e n t  energy i n  t h e  f requency  domain t o  produce  a 
unique specimen r e sponse  can be  a v i a b l e  r e a l i t y .  The a b i l i t y  t o  r a p i d l y  
compute and p r e s e n t  t h e  s t r u c t u r a l  t r a n s f e r  f u n c t i o n  of a specimen ( i . e . ,  
t h e  f r equency  domain r a t i o  of t h e  r e sponse  a t  one p o i n t  on a s t r u c t u r e  t o  
a n o t h e r )  
t h e  p a r t i c i p a t i o n  of each  i n  a l a b o r a t o r y  t e s t  s i t u a t i o n .  Data analysis 
t e c h n i q u e s ,  o p e r a t i n g  on t h e  F o u r i e r  t r a n s f o r m  phase  spec t rum,  . can  r e a d i l y  
c a l c u l a t e  damping m a t r i x  c o e f f i c i e n t  e l emen t s .  The damping r a t i o  f o r  a 
modal r e s p o n s e  observed  on t h e  F o u r i e r  t r a n s f o r m  modulus can b e  computed 
from t h e  F o u r i e r  t r a n s f o r m  phase spec t rum.  I 

w i l l  p r o v i d e  an  index  of t h e  number of deg rees  of freedom and 

1 f l  - f 2  

I c o t  - c o t  
' 

' 3) Apply t r a n s i e n t  t e s t  t e c h n i q u e s  t o  e s t a b l i s h  component and subsys tem 

coupled  w i t h  t r a n s f o r m  o p e r a t i o n s ,  would produce i n f o r m a t i o n  r e l a t i n g  
v a r y i n g  component d e s c r i p t i o n s  t o  t h e  p a r e n t  s t r u c t u r e  as w e l l  as t h e  
p a r e n t  s t r u c t u r e  t o  t h e  component w i t h o u t  s u b j e c t i n g  t h e  test  specimen 
t o  t h e  damage p o t e n t i a l  o f  swept s i n e  e x c i t a t i o n  ( i . e . ,  a d e s t r u c t i v e  
r e sonance  o r  cumula t ive  f a t i g u e  damage). 

Unless  a t es t  can b e  r e l a t e d  t o  p r o b a b i l i t y  of f a i l u r e  i n  s e r v i c e ,  i t  i s  
- a lmos t  i m p o s s i b l e  t o  demons t r a t e  t h a t  i t  is a r a t i o n a a  t e s t .  With t h e  ad- 

v e n t  of: c o n t r o l  t e c h n i q u e s  t h a t  l e n d  realism t o  t r a n s i e n t  f o r c i n g  f u n c t i o n s ,  
t h e  damage p o t e n t i a l  t h e o r i e s  on documented s t r u c t u r a l  c o n f i g u r a t i o n s  shou ld  
be r e l a t e d  t o  v i b r a t i o n  equ iva lence .  Applying known t e c h n i q u e s  w i t h  f a t i g u e  
s e n s o r s ,  p a r a m e t r i c  r e l a t i o n s h i p s  r e l a t i n g  damage p o t e n t i a l  t o  s t r u c t u r a l  
v i b r a t i o n  r e s p o n s e  s h o u l d  b e  e s t a b l i s h e d .  

1 dynamic envi ronments  from s y s t e m  t e s t i n g .  T r a n s f e r  f u n c t i o n  l o g i c ,  
I .  

c 

4 )  

Exper ience  w i t h  t h e  S/N F a t i g u e  L i f e  Gage under random c o n d i t i o n s  i n d i c a t e s  
t h a t  i t  w i l l  b e  capab le  o f  de t e rmin ing  t h e  cons t an t - ampl i tude  s i n u s o i d a l  
e q u i v a l e n t  i n p u t  r e q u i r e d  t o  cause  t h e  same f a t i g u e  damage as a complex 
wave i n  some s t r u c t u r a l  materials over  a f a i r l y  wid2 range  of c o n d i t i o n s .  
The S/N F a t i g u e  L i f e  Gage is  a s m a l l . ,  bondable  r e s i s t a n c e  s e n s o r ,  s i m i l a r  
i n  appearance  t o  a f o i l  s t r a i n  gage, When bonded t o  c e r t a i n  s t r u c t u r a l  
materials, such  a s  2024 o r  7075 aluminum, t h e  gage g e n e r a t e s  a permanent 
r e s i s t a n c e  change as a f u n c t i o n  o f  t h e  f a t i g u e  e x p e r i e n c e  a t  i ts  p o i n t  of 
a t t achmen t .  P r o p e r t i e s  and l i m i t a t i o n s  o f  t h e  gage are d e s c r i b e d  i n  
References  13 and 14. 

rc 
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E m p i r i c a l  r e l a t i o n s h i p s  d e r i v e d  from r m s  stress level,  peak p r o b a b i l i t y  
d e n s i t y  d i s t r i b u t i o n ,  and z e r o  c r o s s i n g  rate shou ld  a l s o  b e  exp lo red  as 
p o s s i b l e  f a i l u r e  p r e d i c t i o n  t echn iques  capab le  of removing t h e  ambigui ty  
t h a t  t h e  t e s t  s p e c i f i c a t i o n  wr i te r  now f a c e s  i n  s t r u c t u r i n g  h i s  r e q u i r e -  
ments.  

The p r o s p e c t  of r e c o v e r a b l e  space  hardware and ex tended  l i f e  concep t s  w i l l  
emphasize t h e  need f o r  knowledge of f a t i g u e  damage accumula t ion ,  bo th  i n  
service and d u r i n g  l i f e  t e s t i n g .  
as a test  requi rement  t o  produce a rea l i s t ic  force /mot ion  environment  f o r  
l i f e  t e s t i n g .  

a -  

T r a n s i e n t  waveform c o n t r o l  shou ld  b e  used  

F u r t h e r  s t u d y  and expe r imen ta t ion  shou ld  b e  done t o  d e f i n e  s i m u l a t i o n  re- 
qui rements  f o r  t h o s e  t r a n s i e n t s  r i c h ,  i n  d . ~ .  o r  Low-frequency c o n t e n t  ( i . e . ,  
b o o s t e r  i g n i t i o n  o r  c u t o f f ) .  For  example,  i n  t h e  case of b o o s t e r  i g n i t i o n ,  
t h e  v e h i c l e  r e sponse  w i l l  c o n t a i n  a t r a n s i e n t  response  superimposed upon 
s t e a d y - s t a t e  response .  The q u e s t i o n  i s ,  is  i t  necessa ry  t o  f u l l y  s i m u l a t e  
t h e  s t e a d y - s t a t e  p o r t i o n  of t h e  r e sponse?  I f  n o t ,  how f a s t  m i  h t  one a l l o w  
t h e  s t e a d y - s t a t e  environment to ,  "bleed" o f f ?  Other  t e c h n i q u e s  $I2) would 
a l low t h e  s i m u l a t i o n  of a pseudo d.c .  r e sponse  by s h i f t i n g ,  i n v e r t i n g ,  and 
d e l a y i n g  d a t a  ( s e e  f i g u r e  below).  ,, 

I , 

C e r t a i n l y ,  t h i s  area of s i m u l a t i o n  is  l a c k i n g  i n  d e f i n i t i o n  and workable  
technology.  
nology be  developed .  

' 

It i s  recommended t h a t  t h e  t h e o r y  and p r a c t i c e  of t h i s  t ech -  

4- 
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APPENDIX I 

ERROR ANAtYSIS OF A TRANSIENT WAVEFORM CONTROL SYSTEM 

e -  
_I- TAl3LE OF CONTESTS 

[O] Introduction 

[l] Description of Transient Waveform Control System 

[2] Error  Sources i n  t h e  Control System 

1. Vibrator response errors .  

2. Quantization e r ro r s  
3 .  Aliasing errors .  

4. Truncation errors .  

5. Interpolat ion errors .  

[3] k d i f i c a t i o n  of t h e  Data Processing System 
a 1. Pre f i l t e r ing  signals.  

i j .  2. Removing trends 

3. Calibrating t h e  simulation e r ro rc  

1c 

[4]  Error  Ana,;Lysis 

2 1.. Introduction t o  e r r o r  analysis. . .  
2. Clarif icat ion of problem. 

3. .E r ro r  sources. * 

4. Notation and preliminaries.  

5 .  
6. P rac t i ca l  e r r o r  bounds. 

7. 

Error  due t o  da t a  processing and noise. 

Example of computing e r r o r  bounds. 



PREFACE 

8 I Appendix I presents  a de ta i led  theo re t i ca l  e r r o r  study and mathsmatical 

model. 

was inval idated by laboratory exper ie i ie  on the  prototype control  system, the 

analysis  and nodeling i s  considsred accurate aqd valu%ble, within t h e  limits- 
t i o n s  of  t h e  assumptions. "he nomenclature i s  explained within t h e  Appendix. 

Although i t s  basic  assunption of "white" wideband s ta t ionary  noise  

[ O )  Introduction 

This memorandm analyzes known e r r o r  sources produced by the  t r ans i en t  
waveform control  system f o r  simulating accelerat ion records on spacecraf t  

modules. I ts  purpose i s  twofold: 

spec ia l  data  processing techniques may be employed t o  reduce e r ro r s  o r  economize 
computations, and, (2) t 9  provide a model f o r  estimating the  r e su l t an t  e f f e c t  of 

(1)' t o  suggest areas  i n  which f i l t e r i n g  and 

a l l  e r r o r  sources i n  simulating known accelerat ion histories.  

t h e  t r ans i en t  waveform control  system as an aialog-digi ta l  da t a  processing system. 

This e f f o r t  i s  i 

subdivided i n t o  f o u r  subsections. Section [l] contains a br ie f  descr ipt ion of 

4 

1 .  I n  Section [Z ]  t he  known e r r o r  sources a r e  iden t i f i ed  and procedures f o r  t e s t i n g  

t h e i r  e f f e c t  on system performance are  outlined. 
recommended d i g i t a l  and analog modifications of t he  basic  da ta  processing 

system of S5ction [l]. 
derived. 

Section [ 3 ]  describes some 

Q 

I n  Section [ 4 ]  a mathematical model of t he  system i s  
n 

Using this model a bound i s  obtained on the  t o t a l  simulation e r r o r  due 

1 t o  t h e  accumulative e f f e c t  of t he  various e r r o r  sowces.  This bound i s  given 
a s  a function of a number of source parameters. 

t h e  parpmeters are derived. 
example using da ta  fram an actual  f l i g h t .  

Detailed techniques f o r  estimating 

These techniques a re  then i l l u s t r a t e d  by an 

c 
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[l] The Transient 'Waveform Control System 

1 The purpose of the t rans ien t  waveform control system i s  t o  simulate 
acceleration h i s t o r i e s  f o r  t e s t ing  the  a b i l i t y  of  spacecraft  modules t o  endure 

c r i t i c a l  phases o f  f l i g h t .  

which i s  e l e c t r i c a l l y  controlled, t o  simulate recorded acceleration h i s to r i e s .  
The v ibra tor  system i s  assumed to  be a t i m e  invariant  l i n e a r  systen, i.e. t h e  

v ibra tor  response t o  an a r b i t r a r y  input  s igna l  i s  determined by t h e  response t o  an 

impulsive input.  
t r a n s i e n t  waveform control system t o  simulate acceleration t ransients .  

The module t o  be tes ted  i s  mounted on a vibrator ,  

This property of t i m e  invar ian t  l i n e a r  systems i s  employed i n  t h e  
The 

control system consis ts  of the following basic operations: 

1. A modeled impulsive signal. y ( t )  i s  input  i n t o  the  vibrator  and the 
response z ( t )  i s  observed. 

2. The Fourier transforms of y ( t )  and z ( t )  are computed and then rat ioed t o  

estimate t h e  v ibra tor  frequency response. I f  3y(w)  and 3 z ( w )  denote 

c 

* t he  theore t ica l  Fourier transforms of y ( t )  and z ( t )  respectively,  then 

t h e  v ibra tor  frequency response V(w) i s  given by cp(w) = 3z(w)&y(w). 

3 .  The required acceleration record x ( t )  i s  sampled and i ts  Fourier 

transform ~ X ( W )  is computed. 

,,, 

4. If 3 f ( w )  denotes the  Fourier transform of the required input f ( t )  

then we have t p ( w )  = 3x(w) /3f (w) .  

from the  formula. 

- .  
Consequently 3 f ( w )  i s  computed 

5. 3 f  (w) i s  inverse Fourier transformed and the  s igna l  f ( t )  i s  reproduced 
as an input  voltage t o  the vibrator.  

6. The vibrator  response i s  observed and compared with the required 

acceleration w avefom x (t) . 



.. . .  

The .operational control  system'only approximates t h e  simulation described above 

~ due t o  l imi ta t ions  i n  the  da ta  processing equipment and non-l inear i t ies  i n  the  
I n  par t icu lar ,  t h e  da t a  v ib ra to r  response such a s  i n t e r n a l l y  generated noise. 

processing f o r  Steps 1' through 6 i s  implemented i n  t h e  following manner: 

and 3 are accomplished by quantizing and sampling t h e  analog t i m e  h i s t o r i e s  

y ( t )  z ( t )  and x ( t >  The d i s c r e t e  Fourier transforms i n  Steps 2-4 a r e  computed 

d i g i t a l l y  from t h e  respect ive d i sc re t e  quantized data.  

correspmding t o  3 f ( w )  i s  inversed d i g i t a l l y  f o r  Step 5 producing a sampled 
input  s ignal .  

the  sampled input  i s  generated f o r  the  required control  input  t o  the vibrator .  
The v ibra tor  response i s  d ig i t i zed  and the  time domain and frequency-domain 

information plot ted.  

Steps 1 

The d i sc re t e  transform 

Then a time s e r i e s  of rectangulai. voltage pulses proportional t o  

[2] E r r o r  Sources i n  the  Control &stem 

t' 

t It i s  important t o  r e a l i z e  a t  t he  outse t  t h a t  we are  here pr imari ly  concerned' 
with e r ro r s  which a re  generated i n  the  da t a  processing system defining the  input  

control.  The t o t a l  system performance i s  l imited by d i s to r t ions  i n  t h e  v ibra tor  
response i n  additior, t o  t h e  errors gazerated i n  the  da t a  processing system. 

i n  t h e  v ibra tor  o r  shaker a re  assumed t o  have two primary sources: 

l i n e a r i t i e s  a r i s ing  from the  i n a b i l i t y  of  t he  v ibra tor  t o  reproduce a rb i t r a ry  

accelerat ion records, and (2) i n t e r n a l l y  generated noise  o r  background noise. 

It i s  presumed tnLt the  f i r s t  type of d i s to r t ion  can be reduced t o  a negl ig ib le  

l e v e l  by r e s t r i c t i n g  t h e  frequency content and amplitude l e v e l s  of the  accelera- 
t i o n  waveforms t o  be reproduced. 
na tu ra l  bound on t h e  repraducib i l l ty  of the  required waveforms. 

a control  which minimizes the  system simulation e r r o r  would y ie ld  accelerat ion 
reconis  d i f f e r ing  from known t r ans i en t s  by res idua ls  having t h e  cha rac t e r i s t i c s  

af t h e  background noise. 

E r r o r s  i 
.I . (1) non- 

5. 

I n  this case the  background noise  l e v e l  i s  a 
I n  o the r  words, 

4 
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~ The major e r ror ' sources  i n  def ining the  input  control  occur i n  the  
following da ta  processing operations: 

1) RecoAng  the  v ibra tor  "response z ( t ) ,  

2) Digit iz ing and sampling t h e  input  y ( t > ,  t h e  output z ( t )  and 

t h e  required t r ans i en t  x ( t ) ,  

Truncating t h e  analog records of y ( t )  and z ( t ) ,  

Producing voltage t rans ien ts  which in t e rpo la t e  t h e  d i sc re t e  control  

input  obtained d i g i t a l l y .  

3) 
4)  

There i s  strong evidence t h a t  t he  roundoff e r ro r s  i n  computing t h e  d i sc re t e  
Fourier t ransform and inverse transform are of negl igible  s i z e  compared t o  the  

e r ro r s  introduced above. Consequently,' w e  ignore these e r ro r s  i n  the  analysis 

below. The errors introduced i n  da t a  processing thus f a l l  i n t o  f i v e  categories: 

1. vibra tor  response e r ro r s ,  2. quantization e r rors ,  3. a l ias ing  errors ,  i 
1 

4. t runcat ion e r rors ,  and 5. in te rpola t ion  errors. Assuming reasonable care  

i s  taken i n  the  measurement and da ta  processing technique we may expect some of  

these e r ro r s  t o  have secondary e f f ec t s  compared with other  errors. These 
i 
/ '  assumptions are discussed below together with methods f o r  t es t ing  the  e r r o r  

model assumptions. 

1. Vibrator r Response Errors :  The data  processing system of t h e  previous 

sect ion i s  based on modeling t h e  v ibra tor  system as a t i m e  invar ian t ,  

l i n e a r  system. 

invariance of t he  v ibra tor  response are pr imari ly  generated by the 

background noise. 

ponse records when a given t r ans i en t  i s  input  sequent ia l ly  t o  t he  
vibrator .  

noisel ike residual.. 

I t  i s  presumed t h a t  d i s to r t ibns  due t o  non-time- 

.. This assumption i s  e a s i l y  t e s t ed  by comparing res- 

It i s  c l ea r  t h a t  t he  response records should d i f f e r  by a 
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I .  
e .  

2. 

3 .  

It i s  assumed, moreover, t h a t  t h e  frequency content and amplitude levels  

of the  input  t rans ien ts  are r e s t r i c t e d  so t h a t  non-l inear i t ies  i n  t h e  
v ibra tor  response are  pr imari ly  due t o  background noise. 

may be t e s t ed  by inputing a control  t r ans i en t  a t  d i f f e r e n t  power levels  

and with varidus changes of t i m e  scale.  

t o  be a s t a t iona ry  s tochas t ic  process. 

This assumption 

The background noise i s  assumed 

Thus cha rac t e r i s t i c s  of  t h e  noise 

can be estimated by Fourier transforming a s u f f i c i e n t l y  long t i m e  record 

of the  noise  background, hanning, and computing t h e  modified periodogram 

o r  power spectra.  

1 

Quantization Errors: 
are assumed t o  behave l i k e  a sequence of independently d i s t r ibu ted  random 

var iab les  uniformly d i s t r ibu ted  over t he  i n t e r v a l  where n i s  t h e  
b i t  s i z e  of the  quantizer. 
d ig i t i zed  values vary by several  b i t s  o r  quantizing boxes i n  successive 

The quantizing e r ro r s  i n  d i g i t i z i n g  t h e  andog  tapes  

0 ,  2-n 1 3  
This model i s  based on the  assumption t h a t  the 

samples. For emperical da t a  where addi t ive noise  causes spurious 

local e r r o r s  i n  otherwise smooth t rends this i s  generally t rue.  
other, hand the  input  y ( t )  may have regions with slowly varying trends which 

introduce loca l  cor re la t ions  i n  t h e  quantizing e r rors .  
i n  t h e  3 i s c r e t e  transform, however, a re  believed t o  be pr imari ly  due t o  the  

b i a s  r e su l t i ng  from rounding down, o r  chopping, i n  t h e  analog t o  d i g i t a l  

conversion. These assumptions may be t e s t ed  by varying t h e  b i t  s i z e  and 

mode of rounding when d i g i t i z i n g  an ana ly t i ca l ly  defined input.  Discrete 

t ransforms of t he  quantization error record may then be compared with the  

On t h e  

Low frequency e r ro r s  

power spec t ra  of t he  e r r o r  model described above. 

Aliasing Errors :  
record by a d i s c r e t e  se t  of data .  

h i s to ry  i s  the  d i f fe rence  between the  analog record and a trignometric 
function which in t e rpo la t e s  t he  d i s c r e t e  data.  

I n  t h e  sampling process we replace a continuous analog 
The a l i a s ing  e r r o r  i n  the  t i m e  

This e r r o r  has t h e  e f f e c t  

of symmetrically folding a l l  frequency content above t h e  cutoff 

frequency of t he  d i s c r e t e  transform back i n t o  lower frequencies. 

can be reduced t o  a negl ig ib le  l e v e l  by f i l t e r i n g  the  s igna ls  y ( t ) ,  z ( t )  
and the  record of x ( t >  i n  order t o  a t tenuate  high frequency content. 

t h e  primary source of high frequency e r r o r  i s  quantization e r r o r  and noise  - 
i n  t h e  analog records, i.e. t h e  e f f e c t  of a l i a s ing  e r r o r  i s  secondary t o  

t h a t  of sampling noise. 
c r e t e  transforms a t  various sample.rates and by employing f i l ters  with 

The e r ror  

Then 

These assumptions may be t e s t ed  by comparing d i s -  

. 
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I .  

' varying .bmdwidtho bcforc diCit-l.zixq. 

4. Truncntiori, e r ro r s :  Thc diccrctr:  trnnsform i o  a * p r i o d l c  t r ana fom 

wldcli replnccn a s i g n a l  of 1cnl;t.h T wlth a T pcriodic  G i @ d .  

quently, t he  da t a  proccss iw poSram i n  c f f cc t  replaceo an input c i g n d  

of lcn@h T by a T periodic s igna l  ond repIncc3 the  truncated v ib ra to r  

rcsponsc by a T pcriodlc rcspnsc. 
t o  a T periodic input differs frorii t h c  tl-IiiICn',cd rcsponac t o  nn input of 

dur i t i on  T due t o  wrap mound cf fcc ta  caused by thc  responcc 1~ i n  the 

system. 

r e l a t i v e  t o  o ther  errors. by obccrviilg thc, rcsponrx u n t i l  t h e  s igna l  fa l ls  

below the  noise l e v e l  o r  qumt iqa t ion  lcvcl. 
between thc  pcr iodic  rcsponsc and thc  truncntcd response w i l l  bc D. reslfiual 

with t h e  behavior of the  r;n;n?licg noise. 

t runcat ion e r r o r s  can be empxica l ly  t e s t e d  by comparing t h e  r c s p n s ?  record3 

obtained whcn a given t rnne icn t  is input  sequent ia l ly  t o  t h e  v ib ra to r .  

u 
Conm- 

IIowcvc-r, thc periodic v ib ra to r  r c o p n s c  

These t runcat ion e r r o r s  ccm be rcduccd t o  a ncgl ig ib lc  leve l  

For then the samplcd diffcrcrm 

It is  scen t h a t  the cfYoct of' 
i 

5 . Xntcrpolntion e r r o r s  : 

input obtained from the  da ta  proccssing program is  a t r i g n o m t r i c  i n t c q o -  

l a t i o n  of the  s m p l c d  input dntcl. 

produces voltage pulscs with roughly constant amplitude between ccmplinL; 

Thc cont ro l  t rnne icn t  whlch corresponds t o  the wmplcd 

Thc r l i g i tn l  to analog converter,  ha;rc:vcr, 

points.  Thus the  a c t u a l  input con t ro l  i s  a s t e p  function i n t c r p o l m t  o f  

. ' t he  sampled input data.  This typc of input cont ro l  can produce r e l a t i v e l y  

. . large e r r o r s  i n  t h e  v ib ra to r  response due t o  the  following charac te r io t ico :  

(1) t h e  in te rpola t ion  e r r o r  is r o w h l y  proport ional  t o  the  slope of the  

desired input con t ro l  so t h a t  rapidly v a r j i w  o r  impulsive t r a n s i e n t s  could 

be grossly d i s t o r t e d  by the s t e p  function in te rpolan t ,  and (2) d i scon t inu i t i e s  

or  j m p s  i n  t h e  input  s t e p  function contain high frequency contcnt which cou ld  

produce rippling i n  the v ib ra to r  rcsponse. 

be tested by comparing the  response of smooth a i a l y t i c  inputs  with thc 

v i b r a t o r  rcsponse t o  t h c  corresponding s t e p  function in te rpolan ts .  

, 
I 

The ef'rect of these e r r o r s  can 
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Nodiflcation of L'hc D a t a  Proccssinr: Syotcm 

I 
Y 

This scc t ion  nnt l lyz f :s  sone inoc1ific:itions of thc bnsi  c datn  proccnainr: 

tcchniquc o,C sec t  ion 1 vhich arc rcco:.alcndcd t o  ir.qirovc systcm Gj muhLion o r  

cvuluation of oiniulation e r ro r s .  
t3 

Soil?c 0:' t h e  modificntions may prove t o  have. 

l i t t l c  e f f e c t  Gn ovcral l  syStl'1.i accur:icy. I n  any case ci;ipx?icnl t C G t G  chould 

be cciploycd t o  ve r i fy  t h c  ncccssi ty  for ill it;^ modification :mil t o  cvuluatc t h c  I 

cffcct 01' t h C G C  tcchniq\1cn. 

2. Rcnovc t rcnds i n  input t r~ .n~ ic i ; t , s .  

Thc v ib ra to r  sys tcz  cannot rcs;;ond linearly t o  silpclls w i t h  low 
frcqucncy content, i .c. s1o:rly varyirj.5 v o l t x c  bias, sincc t h e  

vibrator i s  physical ly  constraincd t o  have' zero uverwc: accelerat ion.  
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Conscquontu l o u  frcqiicncy corAti:nt i n  .tile inpxt, tr;mr,icn.t;r, y (t) .z17rl 

I-(%) should b'c rcdluccd i o  tu1 nlqiropri ~ l t e l y  m d l  lcvcl .  

y(t) Can bC prcbclcctcd so that  lo:^ frcqucncy b i a s  i s  ncgli[;iblr-.. 

H O W V C ~ ,  low fi-cqucncy conl;crit i n  thc inp$G control  f(t) m w  'Le I). 

s i p i f i c a n i  Jac tor  duc t o  scvcr,d possible zourccs. The most obvious 

po tcn t i a l  sourcc is  lov frcqucncy b ias  o r  t rends i n  fhc rcquircd 

acceleration h i s t o q  :c( i;) . 
thcse 101: frcqucncy trcncls propcrxy it is  rcco:.u:icndcd t h a t  thcy bc 

rcnovcd f r a n  tlic accclcrution record x ( t )  p r io r  t o  co:;iput,ation of th? 

transforin. It is  probably suf f ic ien t  t o  modii'y thc  smplcd  d:it:A ~ ( t . ~ )  

i = 0, . ., M - 1  bl; rcnoving thc  l i n e a r  curvc of l c a s t  rccrcssion 

2(t) which s a t i s f i e s  

'rhc tr:msicnt 

4 - .. 

Sincc thc v ibra tor  SyGtCIiI c,annot sirnulate 

i = O  

The d iscrc tc  ti-rms€on,i of tlic clodif.icd data i s  Lhcn sui tably attcnuztcd 

a t  low frcqucnci cs.  linothcr possible sourcc of low frccucncy trcncls 

i n  t he  t r m s i c n t  f ( t )  i s  qumt iza t ioa  bins  xhcn d i c i t i z ing  thc s igna ls  

x( t ) ,  y ( t )  and z(t). 
p r o g r m T ~ w  a rounillng proccd~.u-c i n  thc  d i g i t i z i x  process o r  by choosinrJ 

thc b i t  s i zc  of the  quantizer su f f i c i cn t ly  s m a l l .  3 i t h  the  above da ta  

modifications low frcqucncy b i a s  i n  tnc cont ro l  t rans ien t  f ( t )  should 

This sourcc of bias e m  bc corrcctcd ci thcr  by 

3 .  ' be rcduccd t o  a nccl igiblc  lcvcl .  

, 3. CoJ-ibrate the  s inu la t ion  crror .  

In order t o  evaluate thc accui-;~~::: o? thc  :ravcrol;i control  systca, it 

is ncccssary t o  canpwc thc rq i i i r cd  t rans ien t  x ( t )  witin t hc  si;;;ulrrtcci 

s i p a x  x ( t ) .  

nornalizc the  n q n i t u d e  by :i Suitnblc ccalin:; f ac to r  and coinputc the  

smplcd error 6. = :<(ti) - :;(ti) . I n  practice thc  t rnnsicnt  

x ( t )  i s  smplcd at tims tl tii::.ch d i f f c r  €ran thc sainpling timcs 

by a constant 1~;;. 

smpled s igna l  x ( t . )  with tlic r l icit izcd trms:ient x( t i )  p r io r  t o  e r r o r  

conputationa. 

ca l ibra t ing  thcse siGnnls e 

lu 4 
111 principle  it r,.Gfices t o  clj.:;it-izc tlic output x ( t ) ,  

E/ 

3. 
H 

ti 1 

C o n s c q i i x t ~ ~ ~  it ir ncccss,uy t o  calibrrrtc the 
N 

I. 
Tnis scction dcscribco a n m c r i c n l  tcchniquc f o r  

..- 



Tlic cd.lbr:itiion schcnc is Imscil on cc t ina t ing  thu tlrac 14; 
I 

by ciinii,iizln(: tlic incm squarc crror  
= tJ - t3 

Ascuning z is s m a l l  IJC havc 
8 

' 3  3 3 3 

It follows t h a t  E (z )  i s  i , i . L n i . m i x d  if tlic cross corrc ln t ion  
I 

C ( Z )  = x ( t  ) ?(t + z )  i n  cnuucirnizcd. Thc proy;oscd c a l i b r a t i o n  
* 3 3 
J 

schemc naximizc3 C ( z )  i n  a two sta.:c scarch and then in t c rpo lu tc s  thc 
s;L';iplcd valucs x ( t . )  to csi;i.nntc ~( -1 ; : )  = x(tj  + z) . H '  # M " 

3 3 
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Let t ( r - 1 ) A  + cA vhcre 0 5 E r= 1 . Then C ( t )  IC elvrin by 

+ L A ) ,  # u l  
N -1' 11 -1 

j = O  j-0 

(3.4) C ( ( r - l ) A  + € A  ) , p '  C x ( t  ) $ (t' + ( r - 1 ) A  + c A  ) = x x (tJ+r-l 3 i. J 3 
c 

i 

a2(c) *,: (1-e)  + 3 ( 1 - ~ )  2 -2 (1 -~ )  3 
'3 
1- 

.L  . 

€ 2 2 3 ( E )  = -2 (1-4 + 36 - 2€ "3 

(1-F:) . 2 
a.4(c) = -F: - 

2 

Thc abovc in te rpola t ion  consi s t s  of plcccwisc cubic p l y n o n i n l s  vlLch - 
I e '  fu 

arc f i t t c d  tocc thcr  a t  thc  ";oint,G" t ,  by thc  conditions x( t3)  = x ,  
J 

. .  . Subs t i t u t i rq  (3.5) into (3.4) IJC obtain 

It i s  clcar that C(t) 
d i f f c r c n t i a t i n g  (3.6) with rco;Ect t o  s . 
where satisfics 

bc in:.i<imiacd for  ( r - l ) A s  t s r A  by 
Thus z = (r-l)b + , 

Equation (3.7) can bc rcr?iiccd "io thc f o m .  

I 
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Equation (3.8) nay bc colv~-d rccuraitrcv or 
quadratic formulu 

If i s  the so lu t ion  
I 

I f  2 

%-2 1 \lie 

t o  (3.7) then thc valucs of?( t )  at 

+ ;A arc obtaincd f r o i a  cquation (3.5): 



.. . .  

Consequently, t he  sampled values Yj 
sampled values xj i n  three  steps: 

(1) The cross cor re la t ions  $ 

may be cal ibrated with the  

a re  c*omputed and the  in t ege r  r 
1 .  which m a x i d ~ ~ s  (& i s  found. 

(2) The l a g  t i m e  T i s  computed. If Cr-l > then 

T G  (r-l)A + i5A where F satisfies .(3*8). 

Cr-1 < C r + l  

If 

then TA r A  + TA where satisfies (3.12). 

( 3 )  The values of Z ( t j )  are computed from 
Cr-l > Ce1 and from (3.11) i f  Cr - < 

4.1 Introduction t o  Error  Analysis 

(3.10) i f  

cr+l 

I n  this sect ion we obtain a.bound on the  output e r r o r  of t he  t o t a l  
system. I n  doing so we disregard second order e r rors ,  t h a t  i s ,  if 

t h e  e r r o r  t o  s igna l  r a t i o  i s  of magnitude e + e* then we assume c t o  be 

a good estimate of this er ror .  
various quantizing e r ro r s  can be t rea ted  as a sequence of independent 

random var iab les  

, 

We a l s o  make the  assumption t h a t  t he  

I n  Subsection 4.2 we define what we w i l l  consider t he  optimal output f o r  

t h e  system. 
er rors .  

This gives us a standard by which t o  measure possible output 
Subsection 4.3 separates  t he  e r r o r  sources i n t o  two categories  

which w i l l  be t r ea t ed  separately.  
various notat ions used throughout t h e  paper. 
pr imari ly  with da t a  processing errors .  

propagation of t he  individual  errm sources through t h e  syatem. 
obtain a bound on the  output e r r o r  i n  terms of these individual  e r r o r  

sources. 

t h e  e r r o r  sources (and hence the  output e r r o r  of the  t o t a l  system). 

methods are i l l u s t r a t e d  by an example which uses an ac tua l  OGO tape and 
. tapes  of t he  i.nput-output used i n  determining t h e  systems' transfer 

Subsection 4.4 gathers  together t h e  

I n  4.5 we are concerned 
We s tep  by s t e p  follow the  

We 

Then i n  Subsection 4.6 we suggest possible  methods of bounding 

These 

function. 
i n  the  d i g i t a l  t o  analog s igna l  converter. 

Subsection 4.7 i s  concerned with the  e r r o r  which or ig ina tes  

I 
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)+. 2. CIAGIFICATIOT~ OF rwxm.! 
I .  

Thc function x(t )  recorded on the  OCO t n r c  is of :.he form x ( t )  = xo(t)  + I i ( t )  

dhilrc x (t) I s  the s igndl  w c  want t o  proliucc on th- sliaiccr and I J ( t )  cm bc 

considered noisc. 

N ( t )  cxnctly. 

bcot wc c m  h o p  t o  do I s  t o  gc t  s a c  s o r t  of op t ina l  e s t i m t c  x ( t )  on x o ( t ) .  

Wc assunc t h i s  can be obtained by a l incnr ,  bmd l imited f i l t c r  n ( t ) .  

i . c .  xo( t )  = { m(t-s)x(o)ds. 

0 
Thcrc i s  no way  of ex t rac t ing  xo( t )  fro-? x ( t )  unless we kAov 

AssuininG w e  only have s t n t i s t i c d  Infomat ion  on N( t ) .  then the  
A 
0 

cb 
A 

-ea 

Slncc we can ' t  bc expcctcd t o  o u t p t  more i n f o m a t i o n  about x (t) then ac tua l ly  

e x i s t s  on the E O  t ape  we w i l l  assmc t h a t  our  t a s k  is  t o  rcproducc the band 

l i n i t c d  function xo( t )  on t h e  shaker. 

outputs will bc compared with x,(t) t o  obtain e r r o r  bounds. 

0 

A 
IIcncc i n  the e r r o r  analysis  the possible 

A 

4.3 .  EmOR SOUiiCES 

'here a*-c two major sources or  e r ro r .  

involved i n  conputing input  function t o  the shaker. 

.the varlous d i  as inz  and quantizin; crrors. Howcvcr, due t o  convcnicncc, t he  

e l e c t r i c a l  noise involved ?. i n  dctcnninin,z t hc  shaker' 3 t r a n s f e r  function 

(prcshdccr cmplif ier  and acceleroactcr  j1oisc) is  included i n  t h i s  e r r o r  SOUXC.  

The second error occurs when we a t t cnp t  t o  input  the  cmputcd cont ro l  func t ior  

to t he  tshaker. This  error i s  due to t'nc physical  mcchmism involved I n  t r ans -  

fornine a d i g i t a l l y  defined function i n t o  

T h i ~  first i s  i n  t h e  data processin2 

Thio actu 'dly cons is t s  Of 

nnalog s igna l  and t o  non- l lncnr i t ics  

. inherent  i n  the  system. 

Due t o  da t a  proccssine e r r o r s  wc vi11 c o x ~ ~ t c l  f i t  ) + c(t ) 
dcnatlng thc  data p r o c c s S i q  c r ro r ) .  

n = 0, 1, ...) 11-1 ( ~ ( t , )  n n 1 4  

But duv t o  tl;c physical  mechanisms lrivolvcd 

we ac tua l ly  input t o  the  shaker Q ssoothc:ci v2rsion of 

-. 
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I .  

m d  N ( t )  is n:nplificr noicc. 

FLiially thc shnkcr may not  rcac'i t o  t h c  i n p t ;  s i . ~ : m ~ l  f n  n l i n c n r  fachion as 'vr) 

hy;xjthcsizcd, t h u s  introduc i n;; mfdi1,ionai ci-rors , 

The data proccssinG e r r o r s  w i l l  be trccltcd I n  section 4.11 - 4.6. 
ccchanisms" e r r o r  w i l l  thcn be t rcntcd .in section 4.7 - 4.e. 

Thc "physical 

Lct f ( t ) . b c  a funct ion dcfincci on the reed l i n c .  3 f ( w )  r J i r 1 3 ?  ( t) w i l l  denote 

i t s  Four ie r  trmsfom and invcrsc Fouricr  trncsfoirn 

f(t) n t  t he  pointc tn = n A t ,  11 = 0,  1, ... N-1 m d  
i 

1 
( 1 )  = - j 0, 1, oe.N-l* Fo W i l l  ~CIIO!;C the fast  3 jat' 

rcspcct ivcly . 
cicfinc T = NQt, 

:*!e vi 11 sa..iplc 

Fourier t r a n s f o m  (F E' T) of 

-1 
Fo 

(Due to the particular fora of the F F T c&-orithm wc w i l l  assme N = 2k for  

w i l l  denote the  inverse F F T 

sm1c k > 0). 
It w i l l  prove useful, t o  define F f ( b )  as follows: 

i 

1-1 5 



N 
x ( t )  w i l l  rcprescnt thc  t im h i s t o r j  .an the OGO tnpc and x(tn) = x(tn) 4- l lx( tn)  

will rcprcscnt t h e  sampled vcrsion of x ( t ) ,  whcrc lix(tn) clwotce the  error duc to 

qi1 :Ul t iZin t ;  and noisc i n  r.;ca5urir,= x(Z;,). 

C:(~.O) of the  s y s t m  wc vi11 lct z(t) dmotc  t h e  acturtl ou tp i t  of the aystcm C O ~ T C S -  

I n  dctcnninir..; L:.? trmsfcr funct ion 

N N 
ponc?i,;i; t o  &in input  y( t ) .  z ( tn>  = z(-Q + I ; " ( t J ,  y ( t n >  = ' (tn) + xi (t ) w i i l  

& Y n  d dc1mt.c t h z  r.;casurcd output Lnld input  rcspclivcl;r .  

adjusted rr,csurcmcnts obtained by z d c l i ~  

E i<(tn) = o (E 

We m c m c  ";'and y m e  

t o  -the a c t u a l  ncacurenentc mcl Pmxc 2 
expcctation operntor) 

c; w i n  rearcscnt tlte transfer function of t'hc oyctcm, 

i.e. 

z rcspcctivcly.  

Precise4 : 

and 

= 0, 

w i l l  

(u 

Q, w i l l  rcprcscnt t hc  computcd tranGfer function, 

1, ..* 1;-1 

reprcscnt thc  frequency domain. a l l w i n g  of x, y and 

6x(tn) ,  r j y ( t n )  aad &_(t,)  w i l l  r cprc?xnt  ti:: t i n e  domin  a l i a s ing  error. 
I. 
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! 

CL 1 
lemnn 1 (]FG. 36 DM RcporL) ). 

fr  f(t) is B function hnving a 

m c 

continuous Fourier trnncfom then: 

i .c .  Wo f = Ff + cf f TFo bf 

.... 

. 

[I.] h o l e y ,  J.W.,  Lewis ,  P.A.W., Welch, P.O., "The Fast Fourier Transform 
Algorithm and I t ' s  Applications", IBM Research Report RC 1743, Feb. 1967 

2 
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11.5 WU!A I'ROCISSSIPIG ERRORS 
'I 

J 

I n  order t o  miniinizc dias iq ;  crror'c j n 1,111: frcquc:ncy dormin i t  turno out that 

wc should c l c c t r o n i c d l y  f i l t e r  thc OCO '1;:lpc before onmplin;: nnd thuu anm~~.i~ 

X(t) = xo( t )  is t he  band l imi tcd  signnl t o  bc output on thc ohakcr. 
n sli&t gnin i n  general i ty ,  wc v l l l  C;CSI~.;;C x ( t )  I s  t o  bc ' f i l t e r e d  d i e i t a l l y .  

4 Hovcvcr, with 

A 
Assuiairq t h c . t r a n s f c r  funct ion of tlic . f i lLcr9 14 =3a, is 1;r.o;m wc proccccl ns 

foUoi;s i n  our attempt t o  output x o ( t )  . 
n 0, 1, 

A 4 
xc smplc ~ ( t ) ~  gtitting x ( t  ) , n 

N-I. and try t o  input t o  chdccr a t r i g o n o x t r i c  Lnterpolatior, of 
rJ 

-1 rlF x Fo o (tn) n = 0, 1, ... N - 1  
n/ 
c: 

i,e, we t r y  t o  input: 
I -  

A 

and it follows from lemma 1 t h a t :  

-1 A -1 3ir. 
fb,) a 3  (M -1 (t,) + Fo 

T 
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(M 4. . -), the '  data. pi.Occor;ing e r r o r  i n  thc  input will br?: 

A 
i.e. f(t) = f ( t )  + E2(t )  where E ir; dcfincd above. 2 

Hcncc the ac tua l  e r r o r  E i n  the output, duc t o  data proceasing w i l l  be: 

Bcforc we ac tua l ly  conputc E 

easily C O m p U t 6 b l C  expression f o r  E(%). 
(nnd hence E2) l e t  u& first  attempt t o  (yet an 1 

It' foilows from lcmma 1 and the  fact 

t h a t  E2(t) is band l imi t ed  that: 

a t  points j=o, 1, . . e ,  K-1. 

.. But from the de f in i t i on  of' bE 

Hence F'E9 E'"&, at points CU, 2and we have 

and ( 3 )  we hGvc t h a t  F 6 (u, ) =-I? b (~u j )  3-0, 1, * - - 1 1  

o f  3 O 

j=O,. 1? .. .I?-l. 

we have : 

Using l e i m a  1 again and the  f a c t  that E must also bc band l imi ted  

or: E(t,) - F"l ci (" T o E  

ThuG we nay write t h e  following expression f o r  E ( t )  i n  tcrms of El: 

, 

I 
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+ 
X 

0 

+ 

4 

E 

0 
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k’l lCrc y ( t )  i s  

acc t ion  4.4. 
thc inpulsc input  

Similarly wc have 

to 7 . k  sh:Jtcr m d  c A €1 arc defined i n  
.for t he  rccponse z ( t )  t o  y ( t ) :  

Y’ Y’ Y 

0 
N 

Hence, the error i n  the conputcd trcmofcr Pmction (9 = - at 
F y  
0 

points  UI j = 0, 1, ..., N-1 is: 
3 

and disrcGarciing second ordcr t cms  wu ~ , L V C :  

(Fy ) 

I’ 

0. 
1 Let  us tcnporcrrily denote t h e  f i rs t  term on t h e  riEht as 

then - = 

and the  second as E 
FoZ - Fx + cX + TF0&, + TFoNx 

U 
fP T(q + E: + E‘) 1 

Hencc by t he  d e f i n i t i o n  of El wc hnvc: 
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9 ', $I o r  from the  d c f i n i t i o n  of El and 

Thus : 

Q-( 5) 
P 

I' * 
conplctinE: the coxputation of Z 

Est imat ing  the  output error E(tL 

Fron the  def in i t ion  of E ( t ) ,  (S), and t h c  computcd E , ( 6 )  we get: 
1 -  

Fx FS 

1 FY O Y  Fs 
F*E(;u~} = I  .. M I (F~N, + - FN - - 3-2 J 

L. 
(7 )  
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Now by Pareevnl'8 theorcrn wc havc: ,, 

n=O 

Subs t i t u t ing  (7) 

I n  order  t o  

no t i ce  t h a t  from 

i n t o  this  we w i l l  Iiave a b o i ~ ~ d  on the  inenn sqiinre e r r o r .  

f y1 
j=o 

j Lct 11s temporarily denote the  two t c i x s  on t h e  r i g h t  by E: 

E r ( t n )  i s  the absolute value of a rmdoin vnraible .  
variance as follows: 0 

and E respec t ive ly ,  
/ r d 

We compute i t s  mean and 

For l3 = x; y, z 

rmdoia var iab les  wi th  mean zero and v a r i a c e  V = 
size  of quantizing box used when sarnpllny B. 
find V p  = 

Ng(t,), n - 0, 1, ..., 3-1 are nommed t o  be independent 
&!d2 + v  where Ah A = I2 B B 

vnrionce of t h e  noise  i n  thc s i g n a l  f3. 
A *  

Now s ince:  
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I .  

Thus we have for each tn tnnt :  

where : 
. -  

E : B = xy y, z I are fndcpndcnt  randox vnriablcs w i t h  mean zero and varhncc I &  I 

whcre t he  nom 11*/1 is dcfincd by: 
FB 

n=O 
N e x t  ye bowd ICd9 the second tcna i n  ( c )  0 

c 

FP , 1: 

‘ j=O 8 = x, y, z 

S 

And by 

E s  d 

Now by 

the tiriangle inequality end ScZ;’~r:~rl;z’s inequal i ty  t h i s  civc3 : 

ParseVal‘ s thcbrcn*. 
/ 

I 
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ar~d hcncc: 

c 
fix, Y? z 

a random varichle 

1 

P 

FX. 2 (Ah)2 
ti with m e a n  zerc  m d  variance 11, - 11 [E + V 

FP . 

I -- * I.B.M. Report page 11. 
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It follow& f r cnn  scction h.5 t,h:rt t h c  outpiit, crror has thc form: 

sin (Ij (L-:; ) 
I1 

1.: -1 
' E ( t )  = .E(%,) 0 

n=O "" ( t 'q 

Hcrc t h e  norm 11.11 is dcfincd by: 

I n=O 

s 

Botmrl on -LIE error duc to t;hc no sc: nlonc. . 
From (9) we have: 
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Dctcminat ion  of v_ 

v can bc dctcrmincd by an annlysis of t!ie pxc r  c p c t r a l  densi ty  of N Z ( t )  
0, 

1 as follows: 

For large N: 

. .  
n=O 

By Parccval' s thcorcn! : 

. - 11-1 .-. I:-;- 2 

Hence 

r: -1 2 

J=O 

%Y IF hT ('j ) I  
vz 0 2  J 

r 

Now since N (t) is assmed to bc vl . ; : . [* ,  P I? (tu) is cons tmi t  and hcncc: z o z  
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the constmtlFoN,(w) I2can be dctcnnincd by tcchniquc i l l u s t r a t c d  -In 
Figure 2 from e i t h e r  t h c  nncnsru’ed output For (cornputcd when dctcrminim ‘9) 
or frm the s p e c t r a l  densi ty  of No(t). 
v and is defined i n  the folloviw p.?rq-yaphs. 

the Graph i 6  of z ’  (t} 

No(%) ‘is  necdcd to dcterminc 

Hotice that in Figlurc 2 Y 
t he  normalized z ( t )  . Thus: 

I Ka’ log - 
At 

Eetimntixg ep and v from log-log erqh of B. Note here FB’ is the 
nonnaYized FBI 1.e. FBP(u) = frs3(w) 

B 

Fj.Gurc --.. 1-2 - TPPICAL FOURIER TRAVSF’ORM MODULUS 
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v Tlic following tcchnlqiic i :; ;;u::::cr:tcd f o r  thc  cct.~~-~ubai;ion of '' 
Y* .Y 

Dctcminat ion of v 

klith amplifier on but w i t h  no in2u t  si.r,nnl, rccord the F.F.T. (or P . s . D * )  

of output at; slinitcr for as r ~ z i  dn'l::r p i f i ts  as p~s:;ibl.c. We CLSGUE IJi& 

t h c  noisc l c v c l  i s  thc sai,ic ;lit11 o r  without m input  s igndl  to a q l i f i c r .  

The conputcd trmsfom, is: 

f FoNo = y(w) PoNy(UI) + F0N,.(U.') " 

vhcrc y(a) is t h c  t r ans fc r  function of thc shdccr. Sincc I? nnd M- arc Y " 
independent scquences with zero m a n  vc have f o r  N su f f i c i en t ly  large.  

PI 

j=o 

0 J=O 

j-0 

Sincc ~ ( u . )  and F N(U.) are indcpndciit  ve havc t h a t  f o r  large N: 
3 0 3  

0 
2 

0 0 
, 
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ea 

A 'where vo = var iance of output noisc No. 

In  (9)  we consider the e r r o r  i n  the  shaker ou:pput duc to computing thc 
incorcc t  input  f ( t ) .  

exists possible errors resulting from the d ig i t a l  to m a 1 O G  conversion 

of f(t) and crrors duc t o  addi t iona l  A p l i f i e r  noise when we try t o  input  

f ( t )  to shaker. 

bound on this add i t i cn ,d  oinplificr noise. 

As was pointed out in thc Subsecticn 4.3 t hc rc  also 

For coizplctcncss m will include i n  t h i s  subcection a 

It c m  be shown, by 
bounded by a rmdm 

arL;iuncnto s i m i l a r  t o  thosc in 11.6 that this 
vari:hlc N ( t )  w i t h  mcan zcro and variance: 

error 1s 

whcrc v denotes thc variancc 02 t h e  nmplificr noice discussed I n  previous 

paagrrrphs 
Y 

Bound .'on e r r o r  due to aliasing alonc. 

From (9)  we havc: 

that is: 

I 

For computational reasons l e t ' s  lct B ( t )  represent the normalized p ( t ) ,  



From the  continuity propcrtlen of p(t), B 5 x, y9  z, we con assume that 
w 

&~(Lu)  has the  fonn &(w) = ''9 for some K 

C we have 

> 0 So as a crude bound on 
B c 

w 

P 

I t f  
i Thus log IlC,li log (:) and the  log(") , l3 = x y , z 

can be estimated from the log-log Graph of x, y9 z9. see Figure 2. 
A t  

E 
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APPENDIX I1 - VIBRATION TEST 

a: 

One o b j e c t i v e  of t h e  t r a n s i e n t  

SYSTEM CISTORTION MEASUREMENTS 

waveform f e a s i b i l i t y  f a m i l i a r i z a t i o n  

s t u d y ,  u s i n g  G.S.F.C. test  equipment ,  w a s  t o  measure low f requency  har -  

monic d i s t o r t i o n  i n  t y p i c a l  v i b r a t i o n  sys tems.  

A test  p l a n  w a s  s u b m i t t e d  t o  G.S.F.C. d e f i n i n g  t h e  test  procedure-.  

F i v e  G.S.F.C. s y s t e m  were tes ted b y  G.S.F.C.; one Boeing sys tem w a s  

t e s t e d  by Boeing. The Boeing sys tem harmonic d i s t o r t i o n  d a t a  can  b e  

c o n s i d e r e d  b a s e l i n e  s i n c e  t h e  T r a n s i e n t  Waveform C o n t r o l  System is  

o p e r a t i o n a l  on t h i s  a m p l i f i e r l e x c i t e r  combinat ion.  

Each a m p l i f i e r / e x c i t e r  sys tem w a s ,  d r i v e n  w i t h  a s i n u s o i d a l  s i g n a l  

a t  maximurn a l l o w a b l e  d e f l e c t i o n .  Both t h e  a m p l i f i e r  i n p u t  s i g n a l  and 

armature  a c c e l e r a t i o n  r e s p o n s e  were recorded  f o r  60 seconds .  The r e c o r -  

d i n g  s p e e d  w a s  7.5 i n c h e s  p e r  second.  The d r i v i n g  f r e q u e n c i e s  were 

2 Hz, 5 Hz, 10 Hz, 15 Hz, 20 Hz, 50 Hz, azd 100 Hz. T h i s  was r e p e a t e d  

a t  20%, 40%,  60%, and 80% of  maximum a l l o w a b l e  d e f l e c t i o n .  

The d a t a  w a s  ana lyzed  by Boeing w i t h  a Hewlett Packard 331A d i s t o r -  

t i o n  a n a l y z e r .  

T h i s  8 t o  1 speed  i n c r e a s e  t r a n s l a t e d  2 Hz i n f o r m a t i o n  t o  16 Hz t h a t  is  

The FM t a p e s  w e r e  p l a y e d  back  a t  "60 i n c h e s  p e r  second.  

' w i t h - i n  t h e  5 Hz lower r a t e d  l i m i t  o f  t h e  d i s t o r t i o n  a n a l y z e r .  

The p e r c e n t  of  harmonic d i s t o r t i o n  w a s  p l o t t e d  v e r s u s  f requency  

f o r  each  system. 

measurements of t h e  Boeing L-249, PP-120/150 sys tem used i n  t h e  Tran- 

s i e n t  Waveform C o n t r o l  System. F i g u r e s  11-2  th rough 11-6 show p e r c e n t  

of harmonic d i s t o r t i o n  of t h e  G.S.F.C. v i b r a t i o n  equipment.  T h i s  test 

equipment c h a r a c t e r i s t i c  is  a d i r e c t  i n d e x  of t h e  expec ted  c o n t r o l l e d  

waveform f i d e l i t y .  

F i g u r e  11-1 shows t h e  p e r c e n t  of  harmonic d i s t o r t i o n  

11-1 
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APPENDIX I11 - STATISTICAT ANALYSIS OF THE PROTOTYPE CONTROL SYSTEM PERFORMANCE 

To d a t e ,  most e r r o r  s t u d i e s  p e r t i n e n t  t o  t h i s  t y p e  of c o n t r o l  sys t em have  

been  l i m i t e d  t o  i n v e s t i g a t i o n s  of e r r o r s  i n  t h e  t r a n s f e r  f u n c t i o n s  of t h e  compo- 

n e n t s  compr i s ing  t h e  sys tem.  I n  t h i s  f e a s i b i l i t y  s t u d y ,  i t  w a s  v i r t u a l l y  impos- 

s i b l e  t o  p r e d i c t  an o v e r a l l  sys tem accuracy  a n a l y t i c a l l y  (see Appendix I ) .  T h i s  

appendix  p r e s e n t s  a s t a t i s t i c a l  assessment  of t h e  e r r o r  bound o f  t h e  t r a n s i e n t  

waveform c o n t r o l  on t y p i c a l  e l e c t r o m a g n e t i c  t es t  equipment .  The waveforms under  

c o n s i d e r a t i o n  are t y p i c a l  t r a n s i e n t  v i b r a t i o n  d a t a  from t h e  TAT/Agena-D Launch 

Vehic le  (OGO-D s p a c e c r a f t )  : 

PL-20 a t  Tf234.5, a t y p i o a l  h igh- f  rgquency t r a n s i e n t ,  and 

PL-30 a t  Tf234.5, a t y p i c a l  low-frequency t r a n s i e n t .  

The exper iment  of waveform s y n t h e s i s  ( i d e n t i f y i n g  t h e  above t r a n s i e n t s  as 

II r e q u i r e d , "  f ( t ) R ) ,  was r e p e a t e d  w i t h  t h e  " syn thes i zed  t r a n s i e n t  waveforms'' 

d i s p l a y e d  as: 

1) An expanded t i m e  b a s e  comparison of t h e  " r equ i r ed"  and " syn thes i zed"  

t r a n s i e n t  waveform (F igure  111-1);  

Time h i s t o r y  p l o t s ,  f ' ( t ) ,  ( F i g u r e s  111-4 and 111-6); 2) 

3) Frequency domain p l o t s ,  F ' ( u )  ( F i g u r e s  111-2 ,  111-3, 111-5, and 111-7);  

4) Numerical  l i s t i n g s  of t h e  t i m e  and f requency  domair. d e s c r i p t i o n s  of 
R 

f' (t)R and F' 

The expanded t i m e  domain p l o t s  w e r e  superimposed on each  o t h e r  such  t h a t  a 

v i s u a l  c r q s s - c o r r e l a t i o n  cou ld  b e  made, and t h e  superimposed p l o t s  (F igu re  111-1) 

were a l i g n e d  such  t h a t  t h e  e r r o r ,  o r  d e p a r t u r e  from t h e  i d e a l  o f  t h e  " r e q u i r e d " /  

" s y n t h e s i z e d "  r e l a t i o n s h i p ,  w a s  minimized. T h i s  mahual a l ignmen t  of minimiz ing  

t h e  mean s q u a r e d  e r r o r  t e r m  between t h e  two p l o t s  is  d i s c u s s e d  from an a n a l y t i c  

v i ewpo in t  i n  Appendix I ,  Page 10. 

, 

The s t a t i s t i c a l  e r r o r  t e r m ,  (En) ,  is d e f i n e d  as t h e  d i f f e r e n c e  i n  ampl i tude  

between t h e  r e q u i r e d  and s y n t h e s i z e d  waveform a t  a d i s c r e t e  p o i n t  i n  t i m e .  

E n = f ( t ) R ' -  f ' ( t ) ,  

O p e r a t i n g  on approx ima te ly  400 e q u a l l y  d i s t r i b u t e d  d a t a  p o i n t s ,  t h e  fo l low-  

i n g  s t a t i s t i c a l  pa rame te r s  are used t o  f u r t h e r  d e s c r i b e  t h e  e r r o r  t e r m  (E ) :  
n .  

111-1 

t 



Tht. mean of t h e  e r r o r  term, 

e - .  
i n d i c a t e s  t h e  z e r o  f requency  o r  n o n a l t e r n a t i n g  component of t h e  e r r o r  term and 

t h e  v a r i a n c e  of t h e  e r r o r  term, En * 

i n d i c a t e s  t h e  mean s q u a r e d  v a l u e  of t h e  a l t e r n a t i n g  component of t h e  ' e r r o r  term. 

The r e s u l t s  of t h i s  a n a l y s i s  are t a b u l a t e d  below. 

PL-20 Waveform,N = 314 PL-30 Waveform, N .  = 408 

G ' s  G ' s  
_1 

E r r o r  ?lean p -6.4 x 2.318 x lo-' 
P 

2.283 8.277 x lo-' . 2  E r r o r  Variance cs e 

Re q u i  red 'dave form 
)>lean pe 1.177 x 10-1 

1 Required Waveform 
1.887 x 10 2 * Variance cs R 

P 

T e s t  System Noise 
Var iance  cs 2 ' N  

Time Dbiuain 
Variance 0 

2.7 x 10-1 

12.0% 2 
e 

R 

- 
~ x 100 
(5 

Compare F i g u r e  1-B w i t h  F i g u r e  1-A 

2.63 x loL1 

-7.157 x lo-' 

6.25 x 
, 1: 

11.6% 

Compare F i g u r e  111-6 w i t h  F i g u r e  111-4 

111-2 



3 Summarizing t h e  s t a t i s t i c a l  d e s c r i p t i o n  of t h e  bound on expec ted  perform- 1 

ance. 

ance  of 12%.  

A t y p i c a l  high-f  requency t r a n s i e n t ,  PL-20, ' exh ib i t ed  a t i m e  domain va r i -  
e .  

A t y p i c a l  low-frequency t r a n s i e n t ,  PL-30, e x h i b i t e d  a t i m e  domain v a r i a n c e  

of 11.6%. 

These s ta t i s t ics  were d e r i v e d  from approx ima te ly  40Q e q u a l l y  d i s t r i b u t e d  

d a t a  p o i n t s  ove r  t h e  " t r a n s i e n t "  i n t e r v a l .  Assuming a ch i -square  d i s t r i b u t i o n  

of t h e  e r r o r  term, E t h c r e  is  0.99 p r o b a b i l i t y  t h a t  t h e  t i m e  domain v a r i a n c e  n y  
of t h e  c o n t r o l  sys tem is  e q u a l  t o  o r  less t h a n  13%. 

1 

111-3 



.. . .  

W 
V) 

.. 
F 
I 
0 

aJ 
L 
3 tn 
LL 

c 

.I- 

111-4 I 



1 1.0 

0 1.0 

10-1 

lo1 

Figure 111-2: 

I 

.... 

I lo4 FREQUENCY (Hz) 
FOURIER T ~ N ~ ~ ~ R M  MODULUS OF THE PL-20 REQUIRED ~ A V E F ~ R M ,  F ' ( w ) ~  

111-5 



I .  

... . .-; . 

TRANSFORM 
= 4.8828 Hz 

j loo lo1 lo2 
FREQUENCY (Hz) 

Figure 111-3: FOURIER TRANSFORM MODULUS OF SYNTHESIZED WAVEFORM PL-20, F ' ( w )  
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Figure 111-4: TIME HISTORY OF REQUIRED WAVEFORM PL-30, f ( t )R  
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Figure 111-7: FOURIER TRANSFORM MODULUS OF SYNThESIZED WAVEFORM PL-30, F ' ( w ) ~  
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